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Nitrogen (N) fertilizer rate is important for high yield and good quality of potato tubers. In
this dissertation, I seek to study the response of different potato cultivars under different N fertilizer
rates and how that can impact tuber quality, examine the performance of active optical sensors in
improving a potato yield prediction algorithm, and evaluate the ability of active optical sensors
(GreenSeeker (GS) and Crop Circle (CC)) to optimize a N recommendation algorithm that can be
used by potato growers in Maine. This research was conducted at 11 sites over a period of two
years (2018–2019) in Aroostook County, Maine; all sites depended on a rainfed system. Three
potato cultivars, Russet Burbank, Superior, and Shepody, were planted under six rates of N (0-280
kg ha-1), ammonium sulfate and ammonium nitrate, and were applied in a randomized complete
block design (RCBD) with four replications. Active optical sensor readings (normalized difference
vegetation index (NDVI)) were collected weekly after the fourth leaf stage began. The coefficient
of determination (R2) between soil organic matter (OM) content and total tuber yield for all sites
combined was 0.78**. Sites with ≥ 30 g kg-1 of soil OM produced higher total tuber yield,
marketable yield, and tuber weight per plant (39.45%, 45.22%, and 54.94%, respectively) than
sites with ≤ 30 g kg-1 of OM. Specific gravity increased by 0.18% in the sites with ≥ 30 g kg-1 of
OM. The total tuber yield for the three cultivars was maximized at 168 kg N ha-1. Vegetation
indices measurements obtained at stages of 16 or 20 fully expanded leaves were significantly

correlated with tuber yield, which can be used in the yield prediction model. Sensor measurements
obtained at the 20th leaf stage were significantly correlated with tuber yield, with the exponential
model showing the best fit for the regression curve. The recommended N rate calculated based on
in-season sensor readings was reduced by approximately 12–14% compared to the total N rate that
growers currently apply based on the conventional approach.
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CHAPTER 1
INTRODUCTION
1.1 Potato: Benefit, Growth, and Factors Affecting Production
Potato (Solanum tuberosum L.) is a vital crop in agricultural production systems because
it combines high nutritional value with remarkably high yield potential. However, while countries
with high-input agriculture, such as the USA, France, and Germany, can attain average potato
yields higher than 40.38 Mg ha-1, potato yields of other countries are considerably lower, resulting
in an average of about 18.14 Mg ha-1 worldwide.
Potatoes are a good source of energy, proteins, minerals, fats, and vitamins (Ekin, 2011;
Drewnowski and Rehm, 2013; King and Slavin, 2013). Furthermore, potatoes are not just an
essential food source (Andre et al., 2014) but they are also used as feedstock for industrial products
but they are also used as feedstock for industrial products (Izmirlioglu and Demirci, 2015; Jagatee
et al., 2015). Hence, unlike most other crops, potatoes have an extraordinarily high utilization
potential, which makes the production of this tuber more attractive.
The yield of a potato crop is principally determined by specific genetic properties (Evans
and Fischer, 1999). However, there is usually a gap between the actual yield and the yield potential
(Van Keulen and Stol, 1995; Michel et al., 2015), where the potential yield is never completely
accomplished in natural production systems since biotic and abiotic factors negatively affect plant
and tuber growth. Major biotic stress factors in potato production include late blight (Phytophthora
infestans) (Nowicki et al., 2012) and fungal diseases, such as silver scurf (Helminthosporium
solani), early blight (Alternari solani), and black scurf (Rhizoctonia solani), as well as Verticillium
wilt and Fusarium (Rich, 1983). Moreover, other species of pathogens such as plant-parasitic
nematodes can influence potato yield and production. The yellow potato cyst nematode
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(Globodera rostochiensis) and the white potato cyst nematode (Globodera pallida) are the main
economically influential nematode species (Eves-van den Akker et al., 2016). Additionally, there
are several bacterial and viral diseases which influence potato yield and production (Rich, 1983).
The abiotic stresses that diminish yield include high radiation (Jansen, 2002), cold stress
(Oufir et al., 2008), heat stress (Herman et al., 2017), and air pollutants such as ozone and nitrogen
dioxide (Bahl and Kahl, 1995). The most critical abiotic factor influencing yield and quality is
drought stress (Obidiegwu et al., 2015).
Growers can reduce the harmful effects of environmental impacts by using balanced
agronomic practices. In addition to the selection of cultivar, plant protection, and constant water
supply, a significant agronomic factor in potato production is satisfactory nutrient management.
An adequate supply of mineral nutrients can fortify the potato plant against unfavorable growth
conditions, is critical for obtaining high yield, and is necessary for producing potatoes that meet
desired quality specifications.
The most prominent yield response law is the law of the minimum, developed by Carl
Sprengel and, later, published by Justus von Liebig in the early 19th century. According to the law
of the minimum, optimal crop growth can occur only if all the required nutrients are at an excellent
level (Van der Ploeg and Kirkham, 1999). At the beginning of the 20th century, much additional
work was conducted to study relationships among production factors, such as the nutrient supply
of the plant, and the yield of crops (De Wit, 1994).
In particular, the law of the minimum affirms that plant growth is regulated not by the total
quantity of nutrients available but by the quantity of the scarcest nutrient. This law denotes the
importance of balanced nutrition for optimal plant growth. The law of diminishing yield increase,
first formulated by Eilhard Alfred Mitscherlich (McNall, 1933), is of comparable significance.
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This law declares that the higher the nutrient supply, the lower the yield increase achieved from
the increase in fertilization, which indicates that yield response to fertilization mimics a saturation
model (Spillman, 1923). The third important law is the law of the optimum formulated by Georg
Liebscher (Liebscher, 1895). Liebscher indicates that at any instant, there is simply one factor that
restricts production, which is the minimum supply. If its supply is progressed, production will
progress proportionally up to a peak where a second factor takes into minimum supply and, in turn,
restrict output (Nijland et al., 2008). These laws are the foundation for modern approaches to
developing strategies for efficient resource use in plant production. Based on emerging difficulties
in modern agriculture, De Wit (1992) suggested that the laws developed by Liebig, Mitscherlich,
and Liebscher could be used as distinct options in one dynamic model. He presumed that both
agriculture and environment should focus on the minimum production resources required for
maximum usage of other resources (De Wit, 1992).
Although numerous studies focused on yield response, nutrient uptake, and the removal of
nutrients by grain crops, which is the most available data. However, for the potato crop, due to the
lack of data, they depend mainly on data produced from previous studies of several years,
indicating a demand for further research. Nitrogen (N), phosphorus (P), and potassium (K) are the
nutrients that are most commonly applied in potato production (Davenport et al., 2005).
1.2 Role of Nitrogen on Potato Production
Many scientists have reported that the optimal response to N fertilizer application varies
among varieties and soil types (Kleinkopf et al., 1981; Johnson et al., 1995). Fertilizer application
operates best if a soil test has been performed (Shadrack, 2018). Further research into newly
released potato varieties regarding N response is required to develop the most suitable management
recommendations for N fertilization in addition to optimizing tuber yield and quality (Saeidi et al.,
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2009). Nitrogen is the mineral nutrient that is most commonly deficient in agricultural soils. As a
result, growers in developed countries apply comparatively high quantities of N fertilizers. The
imperfect compatibility of the soil-plant system prevents comprehensive utilization of the N,
leaving remaining N in the soil, which is a waste of natural resources and is grounds for
environmental concern (Hopkins et al., 2008). Additionally, the application of fertilizers above
optimum levels often creates a risk of nitrate-contamination of groundwater (Westermann, 2005;
Ierna et al., 2011). Approximately 50% of crops globally do not directly utilize the applied N, and
the overall nitrogen use efficiency (NUE) has diminished with increasing application of N
fertilizer (Dobermann, 2005).
Conversely, in developing countries the amounts of fertilizers applied to potato crops are
meager and insufficient. For example, in research conducted by Gildemacher et al. (2009), the
quantities of farmyard manure (FYM), N, and P applied to potato crops were estimated to be 4327
kg FYM ha-1, 43.3 kg N ha-1, and 101.4 kg P ha-1, respectively, in Kenya, 2207 kg FYM ha-1, 37.6
kg N ha-1, and 46.9 kg P ha-1, respectively, in Uganda, and 3006 kg FYM ha-1, 30.6 kg N ha-1, and
33.4 kg P ha-1, respectively, in Ethiopia. Fertilizer requirements differ among locations, for
example, due to the spatial variation of soil types, nutrient availability of the soil, moisture supply,
cultivars, and economic factors of the area (Zelalem et al., 2009).
1.3 Potato and Nitrogen Fertilizer
1.3.1 Nutrients Uptake and Partitioning
The NUE in crops is defined in numerous forms in the literature (Fageria and Baligar,
2005). In simplistic terms, efficiency is the ratio of output (yield) to input (fertilizers) for a process
or complex system (Fageria, 2009). Agronomic efficiency may be described as the nutrients
accumulated in the aboveground part of the plant body or the nutrients recovered inside the whole
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soil-crop root system (Roberts, 2008). Several indices are commonly used in agronomic research
to evaluate the efficiency of applied N, especially for objectives that emphasize crop response to
N. Quantifying the status of NUE in agriculture is a complicated task because definitions used in
articles and explanations of different NUE indices vary, and reliable data needed to calculate NUE
indices are usually not available, especially at national, regional and global scales(Dobermann,
2005). The N is initially concentrated in the stems and leaves of the plant, especially if it has been
applied during the tuber growth stage. More than 80% of the assimilated N is found in the tubers
at the beginning of the crop maturation stage. Therefore, a significant improvement in N fertilizer
efficiency would result from split N fertilizer applications made according to crop growth demands
(Westermann et al., 1988).
1.3.2 Nutrient Management in Potato
Numerous opportunities exist to improve potato yield and quality by improving nutrient
management. The potato crop demands a high level of soil nutrients because of an inadequately
developed and shallow root system (Perrenoud, 1993). The efficient management of nutrients is
imperative for potato production, as tuber yield and tuber quality are directly influenced by the
quantity and timing of nutrient applications. Research conducted by Love and Stark (2004)
affirmed that each potato cultivar exhibits individual characteristics and, consequently, presents
specific management challenges. These varietal differences can influence each aspect of
production, from seed production to storage condition. Several factors that negatively influence
efficiency should be considered. Split application of N is preferred to avoid losses through
leaching, denitrification, volatilization, utilization by other competitive weeds, erosion by runoff
water, and sedimentation (Shadrack, 2018). Another factor that can minimize the issue of soil as
and nutrient loss, is the incorporation (e.g., by intercropping) of suitable indeterminate legume
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cover crops into potato cropping systems (Nyawade et al., 2016). Advancing N efficiency is a high
priority in potato cropping systems, where N is the most limiting nutrient (Hopkins et al., 2008).
Applying the correct N fertilizer at the precise rate, time, and place is significant for proper
N management. For best results, N should be applied only when required using calibrated
application equipment to assure its appropriate placement. Additionally, source, rate and timing
should be adjusted to meet N needs and to avoid seed or seedling injury (John et al., 2009).
Nitrogen is applied according to market classes (e.g., table stock, French fries, and potato chips),
which requires various quality parameters to be considered (Blumenthal et al., 2008). It is
achievable to enhance crop yields and consequently (NUE) through utilizing soil and crop
management practices. These practices include maintaining proper soil acidity, ensuring a suitable
source, rate, and timing of N applications, supplying sufficient soil moisture, rotating crops,
conserving or reducing tillage, using cover crops and animal manures, using N-efficient crop
species or genotypes within species, and controlling insects, diseases, and weeds (Fageria, 2009).
Noura et al. (2016) reported that the method of utilizing controlled-release N fertilizers,
such as polymer-coated urea, could reduce N losses and increase NUE by matching the N release
process with potato N uptake. The management of organic matter is based on crop rotations, solid
and liquid animal manures, green manures, and compost (Finckh et al., 2006). The release of N
from most of these fertilizers is slow and is highly dependent on soil temperature and soil moisture
influencing mineralization processes (Van Delden, 2001). Furthermore, two of the most significant
difficulties for organic potato growers are producing N for optimal yield and quality and selecting
cultivars that are both high yielding and have suitable quality when grown under an organic system.
Consequently, N management is difficult in organic production practices.
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1.3.3 The Role of Nitrogen in Potato
In potato production, N is used more frequently and in larger quantities than other nutrients
(Bowen et al., 1999). This indicates that N is an indispensable nutrient for crop growth, and that
the need for N in the potato crop is comparatively high. Möller et al. (2006) reported that in organic
potato management, N availability is one of the most critical yield-limiting factors. Due to its
significance, the optimum amount of N should be applied to utilize the highest possible potential
of a given genotype within a particular area. In addition to its function in the synthesis of proteins,
N is an essential component of the chlorophyll molecule (Tisdale and Nelson (1975). The report
of FAO (1978) emphasized that N constitutes 10 g kg-1 to 40 g kg-1 of the dry weight of the plant;
it is taken up from the soil in the form of nitrate (NO3-) or ammonium (NH4+) and combines with
composites of carbohydrate metabolism in a plant to produce amino-acids and proteins.
Proper N fertilization is significant for optimizing potato yield and quality. According to
Jatav et al. (2017), the application of N exerted a considerable impact on all growth parameters
that prompted positive increments, where excessive N could reduce specific gravity in addition to
yield. A similar result was achieved in a study by Kołodziejczyk (2014) in which each treatment
of N doses induced a marked increase in potato plant productivity compared to a smaller dose.
Inadequate available N leads to diminished growth and light interception (Millard and Marshall,
1986), early crop senescence (Kleinkopf et al., 1981), and decreased yields (Westermann and
Kleinkopf, 1985). However, excessive available N can postpone tuber formation (Kleinkopf et al.,
1981), decrease yields (Lauer, 1986), and reduce tuber dry matter content (Millard and Marshall,
1986). Furthermore, excessive N increases the potential for environmental contamination by
nitrate leaching or runoff (Westermann et al., 1988).
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1.3.4 The response of Potato to Nitrogen Supply
The response of a potato plant to the available N supply is an essential determinant for N
fertilizer recommendations. Taking into account the residual soil NO3-N concentrations, the rate
and amount of N mineralized from soil organic N sources, and the effectiveness of the N fertilizer
are needed to ensure success (Westermann and Kleinkopf, 1985). Researchers have proposed
several factors that could limit crop yields. According to Downs and Hellmers (1975) and Tisdale
and Nelson (1975), factors restricting crop yield (in both quality and quantity) can be divided into
four significant categories: soil genetic, climatic, and management practices. Another parameter
involves regulating the genetic response of the cultivar to the length of the photoperiod (Gastelo
et al., 2014). Furthermore, the yield response to the mineral nutrient application in potato crops,
as in other crops, was found to be limited by soil, plant, management, and climatic factors (Tuku,
1994). Maintaining an adequate level of soil fertility has been acknowledged as one of the
management practices that influences growth, development, and yield of plants (Tisdale and
Nelson, 1975). Potato plants have been described to have a high demand for mineral nutrition
(Harris, 1978). Depending on the circumstances, an average potato crop has been observed to
remove 50 to 80 kg N ha-1, 20 to 30 kg P2O5 ha-1, and 80 to 100 kg K2O ha-1 from the soil in
tropical regions (Sikka, 1982). However, these amounts can vary under different environmental
conditions depending on soil characteristics, cultivar, crop rotation, soil moisture, and other
management practices.
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1.3.5 Effects of Nitrogen on Yield Related Parameters of Potato
1.3.5.1 Stem Number
Stems are generally considered to be the basic structure of the potato plant (Burke, 2017).
Moreover, Burke (2017) revealed that potato plants grown from seeds have one main stem, but
when proliferating from a tuber, the potato produces several stems. The stems are categorized
either as main or secondary stems; main stems rise from the tuber eye, or because the eye may
contain several buds, more than one stem may arise. According to Beyene (1998), a significant
difference was observed in the mean stem number of potato plants due to N application. Refuting
this theory, conclusions drawn by (Allen, 1972; Gray and Hughes, 1978) highlighted that the
increment in stem number occurred as a result of planting larger tuber sizes or the mistakenly using
more tuber numbers per unit area. Furthermore, various researchers (Lynch and Rowberry, 1977;
Lynch and Tai, 1989; De la Morena et al., 1994) have emphasized the lack of a close relationship
between mineral nutrition and the number of stems per plant. The yield difference due to N
treatment was not suggested to influence stem density as the number of stems was not significantly
affected by N treatments.
1.3.5.2 Tuber Size, Shape and Number
Gray and Hughes (1978) stated that potato tuber size and shape are varietal characteristics,
with elongated tuber traits being dominant over a round tuber shape. In some cultivars of potato,
the shape is also affected by cultural and environmental circumstances. Gray and Hughes (1978)
demonstrated that high levels of applied N and irrigation combined with a low level of K increases
the length of potato tubers comparative to their width. Likewise, Blumenthal et al. (2008) reported
that N supply to potatoes impacts tuber size, dry matter, and sugar content. Contradicting results
have also been reported by other researchers regarding the impact of mineral nutrition on the
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number of tubers set per plant. For example, Sharma and Arora (1987) suggested that there was
no significant variation in the total number of tubers per area resulting from N, P, and K fertilizer
application. However, Lynch and Rowberry (1977) reported a significant variation in tuber
numbers due to N fertilization. Similarly, Wilcox and Hoff (1970) affirmed that N fertilizer
influenced yield by influencing the number of tubers produced per plant and the average weight
of tubers. Wilcox and Hoff (1970) also reported that yield increase due to N fertilizers was positive
up to a particular level, beyond which yield decline was noticed.
1.3.5.3 Average Tuber Weight
Average tuber weight has been described to be the third most significant yield element
determining total tuber yield (Lynch and Tai, 1989; Noura et al., 2016). Environmental factors that
favor cell division and development such as mineral nutrition, and optimum water supply were
stated to improve tuber size (Reeve et al., 1973). Sharma and Arora (1987) highlighted that an
improvement in tuber weight with an increase the supply of fertilizer could be due to stronger
growth, larger leaf area, and higher accumulation of photosynthate that encouraged the production
of larger tubers, and then higher yields. The application of N and K was also suggested to extend
the canopy life, therefore prolonging the tuber bulking stage (Harris, 1978; Petr et al., 1988). Burke
(2017) also discovered a complicated relationship between seed tuber weight and seed tuber size,
which differed among cultivars due to fluctuation in tuber shape among years, and even between
batches grown at different positions in the same year. The result of a study conducted by De la
Morena et al. (1994) highlighted that fluctuations in tuber yield and tuber weight were due to
different N treatments. Sharma and Arora (1987) revealed that the improvement in the yield of
tubers with applied N and K was associated with an increase in the number of tubers in the medium
and large grades at the expense of small tubers.
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1.3.5.4 Effects of Nitrogen on Potato Tuber Quality Traits
Two key quality characteristics influenced by N are specific gravity (dry matter content of
the tuber) and reducing sugar (glucose) content. Insufficient N results in very small tubers, high
sugar levels, low dry matter, over-mature tubers, and increased susceptibility to disease. Excessive
N results in slightly smaller tubers, high sugar levels, medium-dry matter, and susceptibility to
disease and bruising (Blumenthal et al., 2008). Blumenthal et al. (2008) also noticed that P
fertilizer applications promoted quality (skin maturity and dry matter content) of tubers at harvest
when N fertility levels were high. High uniform specific gravity in potato tubers is a necessity for
the grower and processor (Kleinkopf et al., 1987). High values of specific gravity contribute to a
higher recovery rate and better characteristics of the processed product (Tony, 2010). Kleinkopf
et al. (1981) stated that the specific gravity of tubers decreased with increasing rates of N fertilizer.
Likewise, (Westermann, 2005) reported that tuber specific gravity decreased when more N was
available than required for growth, especially when available during late tuber bulking due to the
lengthening of vegetative growth and delay in maturity (Sanderson and White, 1987).
Other researchers, however, noted that there was no significant variation in the specific
gravity of tubers due to different N treatments (Roberts and Cheng, 1988; Joern and Vitosh, 1995).
The application of mineral nutrients has been observed to influence the size of potato tubers
by affecting plant establishment, the number of tubers produced, and the growth rate of tubers and
duration of bulking (Kleinkopf et al., 1981; Harrison et al., 1982; Sharma and Arora, 1987).
Nitrogen and K application have been repeatedly emphasized to increase the proportion of medium
and large-sized tubers (Reddy and Rao, 1968; Sharma and Arora, 1987). Sharma and Arora (1987)
stated that increasing the N rates from 0 to 250 kg ha-1 resulted in a decrease in the number of small
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grade tubers (less than 25 g), and an increase the number of medium (25–75 g) and large (above
75 g) grade tubers.
1.4 Growth and Nitrogen Uptake Pattern
There is an apparent relationship between plant N uptake and total dry matter accumulation
(Vos, 1995). Westermann (1993) classified the growth of the potato crop into five general stages,
with each stage having its own N requirement. The duration of each stage depends on cultivar, as
well as climatic/environmental circumstances. A generalized growth and N uptake pattern for a
'Russet Burbank' potato crop with an abundant fertilizer N supply under Midwest USA conditions
is shown in Figure 1.1.
Stage I is the sprout development stage that occurs within the first 30 days after planting.
At this stage, the seed tuber is the primary source of nutrients and energy for the developing shoot
while soil N uptake is minimal. Growth stage II, occurring between 30 and 55 days after planting,
is the vegetative growth period. During this stage, roots start providing nutrients for vines, and
photosynthesis occurs in the leaves to produce energy for growth. High N supply during the first
and second growth stages leads to a delay in tuber bulking (Biemond and Vos, 1992). Only
approximately 20% of the crop N uptake has occurred by the end of Stage II (Figure 1.1).
Consequently, high rates of N fertilizer applied before or early in this stage may increase the
opportunity for nitrate leaching and nitrous oxide emission. The timing of N application is,
therefore, essential from both a production and environmental protection perspective.
In growth Stage III, tuber initiation and setting ordinarily occurs between 50 and 70 days
after planting, although it may be sooner in early maturing varieties. Vegetative growth and N
uptake increase at a fast pace throughout this growth stage. As mentioned previously,
environmental conditions such as temperature, soil moisture, N nutrition, and diseases, in addition
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to the physiological age of the seed at planting, can affect tuber initiation. Because of this
interaction among factors, N fertilization has been explained to affect tuber number per plant either
positively, negatively, or not at all (De la Morena et al., 1994; Bélanger et al., 2002).
Growth stage IV is the tuber bulking stage. Rates of vegetative growth and N uptake
decrease during this stage or cease completely in early-ripening varieties. Carbohydrates and N, in
addition to other nutrients, are translocated to the tubers. This stage occurs between 60 and 90 days
after planting for the early-ripening varieties and between 70 and 120 days after planting for the
late-ripening varieties. Although the need for N is highest during this growth stage, application of
N late in the season can encourage vegetative growth, but at the expense of tuber bulking. This is
especially true for indeterminate cultivars such as Russet Burbank (Westermann, 1993).
Growth stage V is the tuber maturity stage when vines begin to wilt and nutrients are
solubilized in the leaves and roots, and then transported to the tubers. There is insignificant or no
N uptake during this growth stage (Figure 1.1).
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% of Dry Matter Yield
% Nitrogen Uptake

Days After Planting

Figure 1.1. The percentage of the vine, tuber, and total dry matter accumulation and N
uptake by potato (Russet Burbank) cultivar. The crop was fertilized with 270 kg N ha-1
applied in three split applications (46 kg N ha-1 at day 0, 112 kg N ha-1 at 31 days after
planting and 112 kg N ha-1 at 45 days after planting) and grown under irrigation on sandy
soil in Becker, Minnesota, USA. The five growth stages are denoted by I= sprouting, II=
vegetative, III= tuber initiation, IV= tuber bulking, V= maturation. Reprinted with
permission[4780550620413]:[American Journal of Potato Research] (Zebarth and Rosen,
2007).
1.5 Nitrogen Use Efficiency
The global population is forecasted to rise by 75 million people per year, reaching 9 billion
by 2050, increasing the demand for food production (Buttriss and Riley, 2013). To meet these
demands, it is predicted that rates of synthetic fertilizer application may have to rise threefold if
past methods are used to accomplish the required 50 % increase in food production (Tilman et al.,
2001). Due to ever-increasing dependence on non-renewable chemical fertilizers (which are
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associated with significant adverse environmental consequences), the sustainability of arable crop
production in the future faces rising uncertainty (Tilman et al., 2002). Although past improvements
in yields have resulted from higher applications of synthetic fertilizer (an approximate ten-fold
increase between 1950 and 2000 (Ghorbani et al., 2009) and pesticides, further increases are
unlikely to provide such sufficient yield gains as a result of diminishing returns (Tilman et al.,
2002). Currently, only half of the applied N fertilizer is taken up by the plant (Smil, 1999; Cassman
et al., 2002). The loss of N from the rhizosphere and its detrimental influence on the environment
is of significant concern; inorganic N (in particular NO3) can leach into the groundwater, leading
to eutrophication (Vitousek et al., 1997).
The manufacture of N fertilizers depends upon the use of fossil fuels in an energy-intensive
production system that releases greenhouse gases (in particular, N2O) as a by-product (CHANGEIPCC, 2006). Organic matter-based fertilization managements (legumes and composted manures)
are alternatives currently being utilized in organic and low input agriculture, which for some crops
or cropping systems, can have comparable yield potentials as mineral fertilizers (if applied at the
same levels of NPK) (Herencia et al., 2007; Hepperly et al., 2009). Additionally, it can benefit
plants through the repression of plant diseases and can improve various biodiversity indicators
(Eyre et al., 2009; Ghorbani et al., 2010). Regrettably, the plant availability of the quintessential
macronutrients N, P, and K in organic fertilizers is usually considerably lower than in mineral
fertilizers (Van Bueren et al., 2011), whereas environmental guidance, such as the Water
Framework Directive (2000/60/EC) and the Nitrates Directive (91/767/EC) restrict the total annual
usage of livestock manure. This means that farming systems that rely on organic nutrient sources,
(especially organic farming systems) usually have lower levels of productivity. Recent studies
indicate that organic arable yields reach 80% of conventional production yields (De Ponti et al.,
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2012); consequently, there is a need to improve the efficiency of nutrient use from organic sources
by optimizing agronomic management systems and varietal choice.
The need for sustaining constant arable crop production for upcoming generations and
preserving the environment from further degradation is resulting in a reduction in mineral fertilizer
input or a replacement with alternative fertilizers, whilst conserving or improving the current crop
yield and quality levels (in other words, improving nutrient use efficiency) (Tilman et al., 2002).
The most common definition of NUE is the ratio of the yield of a given crop to the unit of available
nutrient. The term can be used to evaluate the efficiency of nutrient use of a given cropping system,
on a seasonal or multi-year basis. The NUE can be influenced by plant genotype due to variations
in nutrient utilization (e.g., maturation type and translocation efficiency) or nutrient uptake (e.g.,
root properties). Reducing fertilizer application and breeding plants with high NUE is one of the
fundamental intentions of research conducted on plant nutrition (Hirel et al., 2007).
There is the possibility to enhance NUE through agronomic innovation and selection of the most
beneficial practices. Precision agriculture can be utilized to improve the timing and rate of N
application so that it coincides more closely with crop need (Raun et al., 2002; Dawson et al.,
2008). For example, Semenov et al. (2007) worked on a crop model to confirm that NUE could be
improved by 12% by merely regulating the date of N application, while Baeckström et al. (2006)
explained the significance of residual soil fertility (legume residue) in improving NUE in organic
production operations.
Weather conditions are the third factor that influence NUE and are related to the potential
of the crop for optimal growth, especially where water can be limiting (Semenov et al., 2007).
There are several further parameters which can be measured to contribute further insight into the
NUE of a given production method. In potatoes, NUE can be understood if nutrient uptake and
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biomass partitioning at multiple stages of growth are included. For instance, a measure of total N
uptake at growth stage GS66 (mid-flowering), affords an indication of the potential of the crop to
take up N early in its growth and may reflect differences in physiology or morphology in the root
system (Fageria and Baligar, 2005).
The measured total N uptake at GS85, an indicator for the maximum total N that has been
taken up by the crop, provides a useful measure of the total available N for translocation to the
tubers.
Dry matter (DM) distribution is measured by the harvest index (HI) and is an essential
characteristic for yield improvement in field crops (B Zebarth et al., 2004; Fageria et al., 2008).
The HI values of modern crop varieties are usually higher than those of traditional varieties for the
main field crops (Ludlow and Muchow, 1990), due to increased dry weights in modern potato
varieties. The distribution of nutrients in the parts of the plant (root, shoot, and tubers) explains
their use efficiency, with higher N accumulation in the crop enhancing yield and leading to a higher
NUE (Fageria and Stone, 2006).
As an example, wheat (Triticum aestivum L.) biomass partitioning of N applications at
different growth stages can be useful and economical. The life cycle of the wheat crop can be
divided into three phases: foundation, construction, and production phase (Sylvester-Bradley et
al., 2008). Measuring the total N uptake at the end of the foundation stage (GS31) produces an
indication of early plant development, tillering, and primary root development (Sylvester-Bradley
et al., 2008). The construction stage of wheat development includes the development of yield
forming leaves, fertile florets, stem reserves, and deep roots. The total N uptake at the end of this
stage (anthesis, GS61) is principally associated with the size and activity of the root system and
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the availability of N within the rhizosphere. Biomass partitioning at the end of anthesis stage can
render insights into variations in wheat N storage and translocation strategies (Cox et al., 1986).
Traditionally described harvest elements at maturity contribute insights into the efficiency
of translocation of assimilated N from the stem and leaves to the grain. Ideally, scientists are
looking for wheat genotypes and management operations that support maximum uptake of N and
storage in stems and leaves during the foundation and construction stages, which is then efficiently
translocated to the grain during the final production stage of formation. Further gains in NUE can
be accomplished with varieties that possess the ‘‘stay-green’’ attribute which postpones
senescence and enables N uptake and translocation to continue during the grain filling stage
(Bogard et al., 2011).
1.6 Soil Organic Matter-Agronomic Benefits
To improve soil organic matter (SOM) content, the rate at which organic matter is applied
to the soil must be greater than the rate at which it is lost through microbial decomposition,
leaching, or erosion. Pasture and cropping management strategies that produce adequate quantities
of high-quality residues are essential to rebuilding and maintaining SOM. Practices that improve
soil structure support more abundant and more diverse microbial communities, which, in turn,
promote soil fertility (Hoyle, 2013). Soil organic matter content can be improved, but it is
necessary to study the economic expenses of doing so. For instance, the SOM content can be raised
considerably by adding high amount of organic supplements such as compost and manure;
however, this is likely to require significant transportation expenses. Increasing SOM content will
be more economical in farming systems and environments that support high production and
produce on-farm supplies of organic soil supplements. Johnston et al. (2009) showed that the
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constant use of farmyard manure over ten decades approximately tripled organic carbon in the soil
and produced higher yields in long-term experiments.
1.6.1 How to Improve Organic Matter Content in Soil
Soil management approaches that promote soil health through impacts on SOM content
include additional multiple crop rotations (particularly in crops with high-residue), reduced tillage
practices, the intense practice of cover crops, and the incorporation of a variety of organic
complements (Magdoff and Weil, 2004).
These approaches, in multiple modifications and combinations, achieve one or more of
the following purposes: increase inputs and decrease outputs of carbon (C), attack pests present in
the soil, and promote beneficial organisms (Table 1.1). Additionally, enhanced soil properties as a
result of these practices, such as reducing soil compaction, more available water, better timing of
nutrient availability to crop demands, and production of growth-promoting materials, are
supporting the growth of plants and protecting themselves from stress and pests (Magdoff and
Weil, 2004).
1.6.1.1. Increasing Carbon Inputs to Soil
The quantity of C inputs considerably impacts the accumulation of organic matter (OM)
in the soil (Magdoff and Weil, 2004). Paustian et al. (1997) highlighted that the variation in SOM
is linearly correlated to the level of C inputs in each of seven long-term trials when the variation
in C was averaged across the duration of the trial. Campbell and Zentner (1993) observed a primary
association between the amount of crop residue and its N content to SOM during 24 years of a
crop rotation practice in Saskatchewan, Canada. Reductions in the duration of uncovered fallow
periods and increases in the duration of perennial crops in rotations are models of approaches that
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can enhance C inputs. Both of these approaches improve long-term water and nutrient use
efficiency of crops and therefore multiply C inputs to the soil (Paustian et al., 2000).
Table 1.1 Influence of Soil and Crop Management Practices on SOM, adopted from
(Magdoff and Wei, 2004) with permission.
Practice

Increased Gains

Decreased Losses

Increased Beneficials or
Decrease Pathogens,
Parasites, and Weeds
Regardless of the effect on
POM or total SOM levels,
soil biology usually more
favorable to crops in rotation

Rotation
High-residue crops
included

Higher average annual
residue

If a higher amount of residue leads to
higher water infiltration and less
runoff and erosion (especially if
maintained on the surface)

Perennial forages

Higher average annual
residue

Soil continuously covered
leads to reduced raindrop
impact and physical
holding of soil by roots

Same as above, especially
because these are usually
longer rotations

Cover crops

Increase production of
biomass when otherwise no
primary production POM
increased or maintained

Same as above

Weeds smothered or
suppressed (allelopathy)
Higher AM inoculation of
following crop Nematode or
diseases suppressed

Use of organic
amendments

Significant amounts of
organic material usually
applied along with nutrients
(as with compost and dairy
or beef manure)

If causes higher infiltration
and drainage less water
runs off, less erosion occurs

Diseases sometimes
suppressed
Plants might acquire systemic
resistance to diseases
Insects might find plants less
attractive

Reduced tillage

Increased water infiltration
can increase yields and
residues, especially on
medium to coarse soils

More residue on the surface
(because of reduced
tillage) reduces runoff and erosion

Reduced weed seed survival
and emergence

1.6.1.2. Rotations and Crop Residue Management
Cropping techniques affect SOM in several ways (to be discussed later). Some crop
rotations leave substantial amounts of residue, which contribute considerably to increase the
addition side of the gains–losses model. Some crop rotations, such as legume or grass-legume
forage crops provide a lot of root dry matter; they can contribute to increasing soil residue content.
Also, tillage reduction and continuous soil cover of such crops decreases SOM losses either by
erosion or by soil respiration (Magdoff and Weil, 2004). The quality of the crop residue (C/N) also
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influences SOM, where the higher the nitrogen content, the easier it is for microorganisms to
produce decomposition. Crop rotations affect soil biology and overcome problems with numerous
plant pests. Compared to monoculture cropping systems (no rotation), crop rotation can result in
approximately a 10% increment in yield (Karlen et al., 1994). Consequently, more residue
regularly settles in the soil after harvest. In a comprehensive review of the literature, West and
Post (2002) noticed that performing crop rotations, such as shifting between corn and soybean
crops, can enhance C in the soil by an average of 20 ± 14 g C m-2 year-1. Including perennial forage
crops in the crop rotation is one of the most efficient methods for increasing the level of SOM and
advancing soil quality. The inclusion of pastures in a rotation system can reduce the soil-degrading
consequences of conventional cropping and tillage applications. An examination was performed
with a long-term crop rotation operation by practicing conventional tillage on soil with a 2% slope
(Studdert et al., 1997). Procedures were consecutive for cropping and crop pasture (50:50 and
75:25) rotations. All soil characteristic indicators (bulk density, aeration, compaction, root
penetration) declined with more cropping and increased and developed with more pasture in the
rotations. For example, soil organic C declined by 4.4 g kg-1 during 6 to 7 years of a hard
(monoculture) cropping system and flourished to the original level (37.2 g kg-1) after 3 to 4 years
of practicing pastures system. Studdert et al. (1997) concluded that three years of pasture was
enough to fix soil quality that had been under seven years of conventional cropping within
acceptable limits and met the goals of sustainable agriculture. Likewise, six years of unharvested
grass (tall fescue) increased the soil organic carbon (SOC) content in the upper 15 cm of a sandy
loam soil in Maryland from 10 to 20 g kg-1 (Weil et al., 1993). Improvements in soil structure and
N fertility were obtained by practicing three years of perennial pasture, which approximately
matched the degree of deterioration that occurred during three years of row cropping. These results
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suggest that similar lengths of cropping and pasture seasons are required to sustain soil properties
in these poorly structured silt loam soils.
The practice of animal grazing on perennial grass vegetation can improve soil quality in
comparison with ungrazed grassland. For instance, an 11-year study conducted by Manley et al.
(1995) on a mixed-grass prairie in Wyoming showed that soils gained higher quantities of C and
N within a 30 cm depth on grazed pastures compared to native rangeland where livestock was
neglected. A distinct procedure of increasing SOM levels from the accumulations side of the
balance is the conservative management of plant residues, roots, and over-ground parts. Globally,
1.4×109 ha of arable land is determined to return 3.44×109 Mg of crop residue annually, including
45% C or 1.5 P g year-1 of total C (Reicosky et al., 2000). Only a small portion of this crop residue
C is preserved in SOM, the majority being returned to the atmosphere as CO2 by microbial
respiration processes within 1 to 2 years of its addition to the soil. Larson et al. (1972) mentioned
that following 11 years of cropping, SOC content was linearly correlated to the quantity of crop
residue added (alfalfa hay or corn stover). Approximately 5.5 Mg/ha of residues was required with
conventional plowed tillage to keep the SOC content at its primary level of 1.8% C (Follett et al.,
1987). For rotation research, including a legume phase followed by three wheat crops in Ferric
Luvisol on poorly structured soil in New South Wales, Whitbread et al. (2000) stated that the
quantity of labile soil C was significantly enhanced in the treatments with a maintained wheat
stubble batter than the removed residue. It was recommended that the application of legume
species is more reasonable to develop the overall fertility of the farming system when mixed with
cereal stubble retention.
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1.6.1.3. Use Different Sources of Organic Materials
Organic amendments and crop residues have distinct properties and can have different
influences on chemical, physical, or biological characteristics of soils. Therefore, a procedure
utilized in SOM management is the application of a variety of organic materials. Monoculture, i.e.
the growing of the same crop in the same area for several years without organic supplements,
would expose the soil fauna and flora to the same types of residues annually (Magdoff and Weil,
2004). This repeated exposure to the same residue promotes the presence of organisms that are
detrimental to the plants. Over time, this can be moderated by improving populations of biological
control organisms to reduce disease-inducing organisms to lower levels. Besides, different
varieties of residue settle on a field when cover crops and crop rotations are practiced. Furthermore,
multiple types of organic supplements can be imported from off the field, including various types
of crop residues, animal manure, grass clippings, tree leaves, sewage sludges, and food processing
waste. These substances can be applied directly or can be composted alone, mixed, or with other
substances such as woodchips or bark, which are added as bulking factors. In addition to the added
amount of C, the variety of substances in which C is combined with the soil also affects SOM
accumulation (Magdoff and Weil, 2004). The application of 250 and 500 g C m-2 year-1 to
moderately-coarse textured soils in Canada and Sweden, respectively, in the order alfalfa < straw
< manure < peat improved the OM content (Paustian et al., 2000).
Manure generates a higher increment in SOM because it consists comparatively of
recalcitrant composites, with the most readily oxidized composites in the original plant tissue
broken down by the livestock digestive system before the secretion of the manure. Hence, manure
treatments have been understood to influence SOM for multiple years after treatments have added,
can not be lost quickly as the mineral fertilizer (Jenkinson and Johnston, 1977). The amount of
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organic material required to be applied to soils to sustain or improve SOM can be substantial. The
application of supplements such as animal manure is particularly essential when growing crops
that leave a small amount of residue in the soil. In an examination of silage corn production, in
which nearly all green vegetation residue was harvested using normal tillage on clay soil,
researchers observed that approximately 44 Mg of dairy manure ha-1 year-1 (wet weight) were
required to keep SOM content at the initial level of 5.2% that produced from the long-term
cropping manner to combined grass-legume hay (Magdoff and Amadon, 1980). Where the first
level of SOM (5.2%) represented as a steady-state following the prior cropping to a combined
legume–grass hay. The manure and livestock groundcover (bedding) input per hectare necessary
to maintain this SOM level was nearly equal to the annual quantity expected from 2.2 large (636
kg) dairy cows. Approximately 2.5 ha are required to provide all the feed (forage and grain) for
2.2 lactating cows (Magdoff et al., 1997). Thus, 2.5 ha are required to produce the feed for a cow
that generates an enough manure to maintain SOM levels of 1 ha of silage corn.
Additionally, compost has been observed to offer improvements over raw organic
substances for such environmental purposes as bioremediation, artificial wetland construction, and
slope stabilization (Alexander, 1999). However, this study, in addition to similar research on
compost supplement, failed to create an ecologically appropriate comparison of the future of a
given amount of organic C either applied directly or employed to make compost that is then added
to the soil. In one research study in which supplements were added based on the same quantity of
C in original substances, significantly higher N, C, and CEC levels were obtained following 199
days of incubation when hardwood sawdust and uncomposted sludge were added immediately to
the soil, compared with composting of the sludge-sawdust compound before application (Chromec
and Magdoff, 1984).
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1.6.14. Decreasing Soil Organic Matter Losses from Soil
A reduction in SOM can occur due to discharge of plant material after harvesting, erosion
damages by wind and water, or C losses (CO2) by microbial respiration processes. Agricultural
harvesting practices are aimed at ensuring careful preservation of as much of the residue of the
plants as possible, as explained in the prior section (Magdoff and Weil, 2004). The loss of SOM
through erosion processes is higher than what might be concluded from losses stated for planted
soils (approximately 5 to 50 Mg ha-1 year-1) because SOM is enriched in the eroded substance
compared to the bulk soil in degraded areas. This enrichment of the soil is logical because erosion
occurs at the soil surface where the accumulation of SOM is highest and because the organic
portion of soils usually erodes more quickly than the mineral portion. Consequently, SOM content
is typically higher in soils with a small degree of slope (lower landscape positions), because these
soils experience minor erosion and might obtain SOM through sedimentation from the upper
landscape positions. For instance, in Minnesota, the average SOC contents for soils at slope
degrees of 0–2%, 3–5%, and 6–12% were 22.3, 13.5, and 8.9 g kg-1, respectively. Mean seasonal
erosion damage of SOC from these soils was between 273 and 758 kg C ha-1 for conventionally
tilled soils and between 94 and 274 kg C ha-1 for non-tilled soils (Follett et al., 1987). With a lack
of significantly hastened erosion, microbial respiration comprehensively controls SOC losses.
SOM breakdown by microbial action is very sensitive to changes in drying and wetting conditions,
and temperature (Birch, 1958). The availability and solubility of SOM when soils are moistened
after a dry condition has been shown to be the reason for accelerated microbial respiration and
SOM breakdown (Bartlett, 1981). Nevertheless, the tillage process is the management system with
the potential for a vast impact on the loss of the SOM balance layer. A combination of mechanisms
could justify the stimulation of SOM loss by tillage. First, practicing tillage on slope areas tends
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to transfer topsoil enriched with OM downhill (Magdoff and Van Es, 2000). Second, crop residues
decompose more rapidly when incorporated into the soil because the soil maintains moisture,
temperature, and N availability which facilitates microbial decomposition (Wilson and Hargrove,
1986).
Moreover, varieties of microbial communities of soil decomposers are in direct association
with the residues tilled into the soil. Reicosky et al. (2000) stated that the practice of using a
moldboard plow to plow wheat stubble prompted one third more C to be lost from the soil surface
within 19 days of plowing than was included in the crop residue to begin with. The practice of
using no-till planting systems can considerably reduce SOC losses in addition to damages from
erosion due to these processes. Measurements of
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C natural abundance have shown that the

average residence interval of SOM was approximately doubled under no-till practices compared
to absolute tillage (Paustian et al., 2000). Tilled soils are typically drier, warmer, and more
sensitive to erosion than untilled lands, and these three factors have previously been considered as
accelerators of the loss of SOM. In some cropping practices, the consequences of tillage
application might be confounded by the impacts of biomass input, for example, when a wheatfallow order is compared to the order of wheat pasture. If the soil is kept bare by continued tillage,
the fallow interval represents a lost possibility for plant residue production and a higher number
of tillage services per year. This is why during five long-term studies conducted in the United
States (Nebraska, North Dakota, South Dakota, and Colorado) alternatives included less intensive
tillage processes and less fallow durations than the standard wheat-fallow system with the
production of 25 to 45% higher SOM levels within the upper 7.5 cm of the soil profile (Gajda et
al., 2001).
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1.7. Spectral Properties of Plants and Agricultural Management
The total amount of solar energy absorbed by the surface of plant leaves is directly
associated with the total photosynthetic pigment present in the tissues of the leaves (Gates et al.,
1965), while the photosynthetic potential of the plant is directly correlated with chlorophyll content
(Hatfield et al., 2008). Total chlorophyll content varies due to plant developmental stage or stress.
Therefore, the measurement of chlorophyll content in the leaves can be utilized for evaluating the
physiological health of a plant. Gitelson and Merzlyak (1997) assessed the vegetative indices of
various species of plants and concluded that reflectance and absorption of light in the 530–630 nm
and near 700 nm wavelengths were correlated to chlorophyll content. The light reflectance of plant
tissues at specific wavelengths of 550 and 700 nm was highly associated with chlorophyll content
(r2> 0.97). Wavelengths in the near-infrared spectrum (NIR) (750–900nm) were comparatively
insensitive to chlorophyll content.
Gitelson and Merzlyak (1997) established an index (chlorophyll index (CI)) for predictive
computations using the ratio of the 750 nm light reflectance to the 550 nm wavelength. Similar
research was carried out on corn (Zea mays, L.) (Ciganda et al., 2009), where individual leaves
were sampled every two weeks. The red-edge (R-edge) wavelength (720–730 nm) was used to
determine the total chlorophyll content of the leaves (r2 > 0.94).
Crop reflectance is defined as the ratio of the amount of incident light to the amount of
reflected light from the body of the plant (Schröder et al., 2000). Active sensors contain modulated
light-emitting diodes that emit light at particular wavelengths in a special pulsing sequence onto a
plant canopy (Shaver et al., 2010). The sensor estimates the amount of emitted and reflected light
from the device in the same pulse flow rather than ambient sunlight (Shaver et al., 2010). (Raun et
al., 2001; Raun et al., 2002) used the active optical sensors GreenSeeker (GS) and Crop Circle
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(CC) for in-season N management in winter wheat fields (Gupta, 2018). The strategy employed
during the study involved dividing the normalized difference vegetative index (NDVI, see below
for details on calculation) by growing degree days (GDD) accumulated from planting to sensing.
This value was described as the in-season estimate of yield (INSEY) which was correlated to the
growth rate of the plant. The INSEY is a more reliable indicator of plant health in comparison to
the sensor reading alone (Raun et al., 2001).
If used solely, the apparatus reading must be taken at precisely the same growth stage in
the following years for a valid and matching growth relationship. Therefore, the INSEY normalizes
the reading for time differences between the growing seasons, resulting in better relationships for
readings taken within a year and among years. Light waves in the green (G) and R-edge spectra
can penetrate the leaves of the plant greater than the blue (B), and red (R) spectra do. During
photosynthesis, more than 80% of incident spectral light absorption was recorded in the range of
400 to 700 nm (Moss and Loomis, 1952). Thus, light in the G and R-edge spectra ranges would be
more sensitive to any fluctuations in chlorophyll content than other spectra ranges because the
absorption coefficient in these spectra produces a range of values, rather than a high or narrow
spectral range of values (A. A. Gitelson et al., 2003).
Absorbance in the visible spectrum by leaves of different plant species increased when
changing from a lighter green to darker green color (Gates et al., 1965). Maximum chlorophyll
absorbance was observed at 680 nm, whereas the minimum absorbance was noted at 550 nm. The
most basic method of spectral plant analysis involves examining the amount of R light to NIR light
absorbed underneath a plant canopy to that on top of the canopy (Federer and Tanner, 1966). As
leaf area index (LAI) (the proportion of leaf area per unit area of soil (Zheng and Moskal, 2009))
increases, the amount of light absorbed in the R spectrum and light reflected in the NIR (Federer
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and Tanner, 1966) also increase. Jordan (1969) established that by using a light ratio (675/800 nm)
underneath the tree canopy rather than above, LAI could be measured indirectly. While LAI could
be estimated remotely, environmental conditions such as the angle of incident, sunlight, and cover
significantly influenced the efficiency of the measurements. Similar procedures have been utilized
in assessing grass canopies (Tucker, 1979). With progressing green biomass, incident R light (630–
690 nm) is increasingly absorbed. Several ratios of the R and NIR spectra are associated with the
biomass of plants (Tucker, 1979), where R reflects the plant pigment condition and NIR reflects
the cell structure condition (mesophyll).
Many proportions are collectively known as vegetative indices, which are specific to
various environmental and physiological parameters. These include standard spectral vegetative
indices such as chlorophyll indices (Clgreen= (RNIR/Rgreen)-1) for computing leaf chlorophyll content
(Gitelson et al., 2005), the soil adjusted vegetation index (SAVI = (NIR–R) (I L)/(NIR+R L)) for
computing LAI (Huete, 1988), and the normalized difference vegetation index (NDVI) which is a
broadly handled vegetative index (Raun et al., 2001).
The plant pigments that are most involved in the photosynthetic process are chlorophylls
type a and b, which absorb the R and B spectral light and reflect the G light (Slaton et al., 2001).
Furthermore, there is more reflectance in the NIR light (700-1400nm) (Gausman, 1977; Slaton et
al., 2001). This property of plant leaf 'reflectance' is employed to detect nutrient deficiencies and
for biomass estimation (Osborne et al., 2002). The NDVI is the standard vegetative index used by
researchers for forecasting plant biomass and yield (Stone et al., 1996; Osborne et al., 2002).
The NDVI is the proportion of in the R band to the NIR (Deering et al., 1975) described in
the following equation:
NDVI = (NIR–R) / (NIR+R)

(Eq. 1.1)

29

Where,
NIR is the near-infrared region of the spectrum and
R is the red region of the spectrum
The NDVI achieved large-scale acceptance among researchers due to ease of calculation
and the utilization of two light spectra (Deering, 1978), it does not require multiple wavelength
bands or complicated calculations. The NDVI has been correlated to N status of the leaves, green
leaf biomass, chlorophyll content, and grain yield (Shanahan et al., 2001; Shanahan et al., 2003;
Solari et al., 2008). However, the there are some restrictions with the NDVI which include
saturation whereby the absorption of all the visible light results in a value close to 1 if the density
of green biomass is high. As a result, the NDVI is not appropriate as a stand-alone index for yield
prediction studies (Gitelson et al., 1996; Myneni et al., 1997). The R wavelength exhibits a flat
response after LAI values exceed 2, whereas the NIR reflection continues to respond even at high
values of LAI ranging from 2 to 6 (Gitelson and Merzlyak, 1997). To overcome this restriction,
Gitelson (2004) suggested that by multiplying the NDVI values by a weighting coefficient, a, the
correlation between crop reflectance and the crop biomass might improve, where a can be used to
enhance the sensitivity of the NDVI to NIR by introducing a weighting coefficient, a <1, to
decrease the variation between the contributions of NIR and R to the NDVI. This equation was
termed the wide dynamic range vegetative index (WDRVI) as follows:
(a * ρNIR–ρR)/(a *ρNIR+ρR)

(Eq. 1.2)

Where,
a is a coefficient ranging from 0–1. When a is 1, then equation 1.2 would be equal to equation 1.1.
The improvement in the active sensors has made sampling comparatively insensitive to variations
in ambient light and environmental limitations.
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1.8. Site-Specific Technologies for Nitrogen Management
Remote sensing is defined as the means of identifying and observing the physical properties
of an object by measuring its reflected and released radiation at a distance from the targeted region
(Christopherson et al., 2019). Examples of remote sensors include satellite imagery, aerial
imagery, ground-based active optical sensors (GBAO), ground-based reflective sensors, and leaf
chlorophyll sensors (Hatfield et al., 2008). Remote sensing has been employed in the agricultural
field for evaluating land use, land cover, and crop biomass (Sala and Austin, 2000; Kogan et al.,
2004; Henebry et al., 2005). Earlier studies examined the use of remote sensing techniques such
as the single photon avalanche diode (SPAD) (Konica-Minota Americas, Ramsey, NJ), the
chlorophyll meter, canopy reflectance, and color photography (Blackmer et al., 1996; Schepers et
al., 1996), which have been successfully employed to estimate spatial variability in crop canopies
(Blackmer et al., 1993; Blackmer et al., 1996; Schepers et al., 1996). Remote sensing techniques
are now employed to identify in-season spatial crop N status (Osborne et al., 2002). Further
research has resulted in the development of the relationship between physiological properties of
plants (chlorophyll content, crop N status), and spectral reflectance (Bausch and Duke, 1996;
Osborne et al., 2002).
1.9. Use of Sensors and Normalized Difference Vegetation Index
Most crop growers are taking into consideration the prior crop, soil management, and soil
drainage when applying N. However, they do not generally use in-season instruments for
diagnosing an optimal N rate (Kitchen et al., 2001). Additionally, farmers tend to apply higher
rates of N fertilizer than recommended to assure the highest yield (Scharf et al., 2006). Adding
excessive N rates for the yield attained often results in unutilized N flowing to surface water in the
form of nitrate (NO3) (Scharf et al., 2006). Utilizing proximal plant canopy sensors allows farmers
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to adjust N requirements according to the crop demands. The concept of “need basis” using sensing
instruments was introduced by Schepers et al. (1995) to help overcome environmental pollution
from excess nitrate. This strategy involved the use of single photon avalanche diode (SPAD)
chlorophyll meter estimations, which helped determine the crop N status against a standard color
and then N was added as required. This technique helped to sustain the optimum yield with less
fertilizer (Varvel et al., 1997). The disadvantage of this strategy was that it was necessary to
physically gather tedious readings from numerous leaves and to standardize the data among
different varieties.
The SPAD chlorophyll meter is an active optical sensor that estimates transmitted light
through the plant leaves at two distinct wavelengths (the NIR and the R range of the spectral
radiance) and calculates a value that is defined by the manufacturer. The meter is a non-destructive
technology that assists in examining leaf tissue for the N status or nutrition status of the plant.
Research has revealed that chlorophyll meter readings are positively associated with real
chlorophyll content (Schepers et al., 1992). The SPAD meter, however, is placed onto one
individual leaf per measurement, which makes taking multiple readings in the field timeconsuming. Chlorophyll meter research has focused on isolating areas with a positive response to
N fertilizer from areas with low response potential and on indicating if and when N
supplementation is required (Scharf et al., 2006). Crop characteristics confound chlorophyll meter
calibration and reduce the effectiveness of the apparatus in predicting N availability across large
areas (Schepers et al., 1992; Bullock and Anderson, 1998). Nevertheless, it is not difficult to
normalize the meter data for a specific crop and growth stage against a high N control. If accurately
calibrated in several crops, the apparatus can allow comparisons across areas and growth stages.
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The commercial application of chlorophyll meters needs a reference strip, which is usually
an appropriately fertilized area planted within the field following local growing recommendations
(Schepers et al., 1992)
Since chlorophyll (CHL) does not have a direct effect on the spectral reflection of the crop,
estimations were utilized to predict grain yield (Kanning et al., 2018). Consequently, an indirect
procedure based on chlorophyll calculations from the obtained hyperspectral image data using
partial least-squares regression was utilized. Resulting models showed reliable predictability (R2
CHL=0.77, RMSE–CHL [μg cm−2] =7.02). Chlorophyll predictions were employed afterwards to
calibrate a multiple linear regression model to predict grain yield (R2 yield=0.88, RMSE-yield [dt
ha−1]=4.18). A pixel-wise forecast of the hyperspectral image was carried out. The resulting yield
calculations were validated and contrasted with various N treatments. The final result showed that
above a particular amount of applied N, any additional fertilization did not result in a larger yield
(Kanning et al., 2018).
Miri (2009) stated that the chlorophyll content index (CCI) was significantly and positively
associated with grain yield and a harvest index of wheat. Chlorophyll is not only utilized in
agriculture as a substitute for leaf N content, but also as an important indicator of N efficiency
(Cerovic et al., 2012). The correlation between CCI and real measured chlorophyll has been
observed to be linear in wheat and the Asian pear tree (Pyrus pyrifolia L) (Ghasemi et al., 2011;
Kaur et al., 2015; Lunagaria et al., 2015). Furthermore, the CCI for relative chlorophyll content
can be used as a decision-making assistance tool for N fertilization of crops and for improving the
estimation of crop yield and biomass.
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Bullock and Anderson (1998) did not discover a correlation between chlorophyll meter
readings and yield at the V7 stage for corn. However, the results of the study demonstrated an
improved correlation between leaf N concentration and yield at advanced stages (R1 and R4) when
the meter data were better associated with the grain yield than with leaf N content.
Hyperspectral vegetation indices estimated from reflectance in the R-edge spectral
wavelength and the adoption of a broader field of view (25° FOV) were the most appropriate
indices for detecting potato crop N stress (Morier et al., 2015). Among those indices, the
chlorophyll index (R-edge chlorophyll index) was highly sensitive to potato N content and
accounted for 76% of the variability in total tuber yield at 55 days after planting (Morier et al.,
2015). A robust association between potato tuber yield and chlorophyll content was also observed
for Russet Burbank and Shepody potato cultivars. Additionally, a comparable trend was reported
for the association between chlorophyll content and leaf nitrate concentration (Botha et al., 2006).
The CHL that obtained by SPAD (CHL-SPAD) was the only characteristic exhibiting a
concurrent changing trend (slope) with yield, particularly in field conditions. The rate of
senescence or greenness loss was slower in the higher water limitation treatments, which means
that the stay-green impact (delayed senescence) occurs in some potato cultivars. CHL-SPAD was
high and negatively associated with final yield at the loss of half the highest plant cover during
senescence (between 1040 and 1170.C days) in all irrigation treatments (Ramirez et al., 2014).
Leaf chlorophyll fluorescence-based techniques are also being studied for crop N control
(Tremblay, 2004a). These techniques are based on leaf chlorophyll fluorescence influenced by
ultraviolet radiation and visible radiation, and on computations of the absorbance of ultraviolet
light by epidermal leaf polyphenolic composites (Campbell et al., 2007). These procedures are
currently being studied at Walloon Agricultural Research Center in Gembloux, Belgium and have
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a potentially higher sensitivity to crop N status because a variance in the concentration of
polyphenolics was correlated to the crop N status, and, consequently, fluorescence can be
discovered before chlorophyll concentration and LAI are modified (Cartelat et al., 2005).
The noninvasive and hand-held Dualex and Multiplex devices (Force-A, Paris, France)
were recently developed for evaluating crop N status. The devices were studied by Tremblay et al.
(2007) and Zhang and Tremblay (2010) for the evaluation of corn N status, and they are currently
being studied at Walloon Agricultural Research Centre (CRA-W) for the evaluation of potato crop
N status.
At the canopy scale, most of the practical approaches for crop monitoring are noninvasive
and are based on computations of light transmitted beneath the canopy or reflected above it. They
refer to the remote sensing methodology (based on spectral canopy features) that can be performed
at various spatial scales such as ground-based, or airborne (Tremblay, 2004a; Jongschaap, 2006;
Hatfield et al., 2008). Each methodology attempts to estimate canopy formation parameters,
(especially LAI), based on the information that plant N, leaf chlorophyll, and LAI, are completely
associated variables (Lemaire and Gastal, 1997).
Common instruments being studied for ground-based remote sensing for potato crops
include the Cropscan field hand-held passive radiometer system (Cropscan, Rochester, MN),
which was first used to examine potatoes in Europe by Booij and Uenk (2004) However, it is still
under examination at CRA-W. Also, the N-sensor (Yara) examined and developed in Europe (a
canopy reflection-based system with four tractor-mounted passive or active sensors; (Link et al.,
2003) and the GS (NTech Industries, Ukiah, CA,) or CC (Holland Scientific, Lincoln, NE) with
active sensor examined in the United States (Samborski et al., 2009).
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Using leaf or canopy reflectance at various wavelength bands allows vegetation indices to
be calculated and utilized for crop N status evaluation. Ground-based canopy light reflectance data
with ground-based Cropscan radiometers have the advantage of combining a broader sampling
region at each reading and including less laborious efforts than the use of the chlorophyll meter.
Nevertheless, especially for the potato crop, vegetation indices must also account for the fact that
canopy spectral responses are adjusted according to the proportion of vegetation cover and bare
soil, and that the architecture of stems and leaves differs with plant growth stages. Specific
vegetation indices such as the SAVI (Huete, 1988), transformed-SAVI (Wiegand et al., 1991), and
the optimized-SAVI (Rondeaux et al., 1996) have been evolved to diminish or eliminate
background soil impact. However, hand-held ground-based radiometers are usually not easy to
utilize as they were designed for experimental use rather than for farmers. Some easy to use
commercial devices can measure crop light reflectance at similar wavelength bands (R and NIR)
utilized for the chlorophyll meter. This is the case with the hand-held equipment known as Grande
Paroisse Azote (GPN; AZF-Europe Sol, Toulouse, France). The device is a hand-held groundbased radiometer employing a 1-m-long probe provided at its edge with a sensing head, designed
for easy and prompt use in the field. The disadvantage of this device is that its sensitivity is
somewhat lower than that of the chlorophyll meter (HNT and SPAD 502 (J.P. Goffart, unpublished
data)). Its main advantage is its feasibility because immediate data can be produced while walking
through the canopy (Goffart et al., 2011b).
Based on canopy reflectance characteristics like ground-based near remote sensing,
airborne and space-based remote sensing depend largely on obtaining satellite and aerial images,
either at the regional or field scale. Airborne and space-based remote sensing technologies are
quick advancing fields of investigation for platforms (manned or unmanned crafts and airplanes,
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and satellite platforms) and for spectral, spatial, radiometric, and temporal resolutions. The
practice of high-spatial-resolution satellite sensors such as the Satellite Pour l’Observation de la
Terre-5 (SPOT-5 (10m for multispectral image)) is currently being examined at CRA-W (Goffart
et al., 2011a) for evaluating potato crop N status.
Bowen et al. (2005) explained that NDVI obtained from GS (GS-NDVI) could be used to
apply N to malt barley (Hordeum vulgare L.) and potato variably. The overall relationship between
yield and N rate was robust with R2 values between 0.87 and 0.99. The relationship between yield
and NDVI was mostly strong, with R2 values between 0.82 and 0.9. The correlation between NDVI
and specific gravity was not as strong as the correlation between NDVI and yield, with R2 values
between 0.47 and 0.89.
1.10. Most Common Active Optical Sensors
1.10.1. Greenseeker and Crop Circle
The GS and CC sensors were tested in a study by Barker III et al. (2016), in which it was
determined that they were not significantly influenced by ambient light. Sebastian et al. (2014)
described a technique for measuring early chlorophyll in winter wheat with the aid of the GS and
CC sensors. RGB image analysis was also adopted as a reference plan and a novel index, the early
plant vigor index (EPVI) utilizing single wavelength states (670 nm, 750 nm, and 862 nm), was
devised. Samborski et al. (2015) employed the GS Model 505 (R (656 nm) and NIR (774 nm)) and
CC-ACS-210 (amber (590 nm) and NIR (880 nm)) to obtain R and amber canopy NDVI values
of winter wheat at three growth stages. The results showed that genotype had an impact on both R
NDVI values and amber NDVI values at Zadoks growth stages 37 to 39, and only on amber NDVI
values at growth stages 55 to 71.
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The sensors CC-ACS-210 and ACS 430 (R (630 nm), R-edge (730 nm) and NIR (780 nm))
were examined by Taskos et al. (2015). Various NDVI values were calculated and analyzed in
each waveband. The results showed that ACS-430 indices and R-edge-based indices were robustly
associated with leaf chlorophyll of vineyards. The new CC-ACS-470, provided with filters to
select various wavelengths and vegetation indices, were also highly correlated to plant N (Padilla
et al., 2014), and R-edge-based indices showed a better correlation than the NDVI and ratio
vegetation index (Taskos et al., 2015). However, plant height, measuring distance, temperature,
and reflectance from soil or adjacent rows influenced the work of active sensors. It was discovered
that the optimal measuring distance should be modified depending on plant structure and growth
stage, and a distance of sensors more than 40 cm from the canopy was suitable (Stamatiadis et al.,
2010; Raper et al., 2013; Kipp et al., 2014; Li et al., 2014).
Reflectance indices were less sensitive at the late growth stages of plants, with the decline
in the NIR reflectance from the plant canopy (Padilla et al., 2014; Sebastian et al., 2014; Samborski
et al., 2015; Taskos et al., 2015; Barker III et al., 2016). Among all the active-type and passivetype spectral sensors, GS and CC are the most commonly adopted sensors for on-the-go, real-time
measurement of plant chlorophyll. Each of the sensors can be installed on a platform and are
suitable for high-throughput phenotyping.
Raper et al. (2013) examined the sensors GS Model 505 and CC-ACS-210 and noticed that
CC-ACS-210 was less sensitive than GS Model 505 at the initial growth stage of plants when the
NDVI values were small, while CC-ACS-210 had a more reliable performance than the GS Model
505 at the late growth stage when NDVI values were greater than 0.6.
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1.11. Potato Nitrogen Recommendation
The standard N recommendations for most crops (except some legumes) depends on the
yield potential and amount of nitrate (NO3-N) at a depth of 30 cm in the soil profile (Franzen,
2018). Neglecting the 60-cm nitrate-N analysis results in arbitrary numbers for N recommendation.
Nitrogen recommendations are not adjusted based on the method of adding fertilizers; they are
modified by taking into consideration the previous crop and soil sampling depth.
In Maine, due to heavy rain and snow that potentially drains nutrients from the root zone
there is no spring or fall soil analysis available for the prediction of N availability along the
growing season, thus, nutrient recommendations are approximated to total seasonal requirement
for a specific crop (Hoskins, 1997). It is expected that an average soil will provide a modest amount
of N during the growing season, part of which will be lost through leaching and denitrification.
The estimated N requirements are supposed to maximize the yield under Maine conditions for that
crop. The recommendation additionally compensates for the loss of added chemical fertilizer N
due to leaching and denitrification during the growing season. Adjustments are made in
commercial potato crops when green manure or legumes have been incorporated into the soil from
the previous year. Some N is recommended for legume crops in the seeding year but not in
succeeding years because they can fix their N from the atmosphere via a biological relationship
with a specific bacterium (rhizobia) after they are established. There are many issues associated
with this procedure because it means the grower must predict yield from year to year, which is
nearly unmanageable. Therefore, if farmers decide to develop NUE through split N application,
the use of GBAOs may support the development of the N rate decision at the time of side-dress
application.
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1.12. Thesis Objectives and Organization
The general goal of the research was to develop a simple technique to aid commercial
growers with N management in dryland potato production on different soils. In the dissertation,
the individual objectives are addressed in separate chapters. The aims of Chapter 2 were to (1)
determine whether the sites were N-responsive, (2) study yield and quality responses of different
potato cultivars receiving different rates of N fertilizer, and (3) evaluate the impact of soil organic
matter content on potential yield. The aim of Chapter 3 was to evaluate the performance of two
active optical sensors for in-season potato yield prediction. The specific objectives were to (1)
compare the performance of GS and CC sensors in yield prediction, and (2) evaluate the impact of
chlorophyll index on improving a prediction algorithm. The main objective of Chapter 4 was to
evaluate the ability of active optical sensors to optimize a N recommendation algorithm that can
be used by potato growers in Maine.
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CHAPTER 2
YIELD AND QUALITY OF THREE POTATO CULTIVARS UNDER SERIES OF
NITROGEN RATES
2.1 ABSTRACT
Undesirable growth of potato crops under excessive nitrogen (N) fertilizer application is
currently a significant issue. This research was conducted to investigate the response of different
potato cultivars, i.e. Russet Burbank, Shepody, and Superior, and assess qualitative characteristics
under a series of six rates of N fertilization (0–280 kg ha-1). Ammonium sulfate (which was
replaced by ammonium nitrate in the second year), was applied on 11 sites in a randomized
complete block design, with four replications. Each subplot contained four rows with a total width
of 360 cm. The N fertilizer affected the chlorophyll content, yield, and yield components
significantly. The regression coefficient between soil OM content and total tuber yield for all sites
combined was R2=0.78**. Sites with ≥ 30 g kg-1 soil OM produced higher total tuber yield,
marketable yield, and tuber weight per plant (39.5%, 45.2%, and 54.9%, respectively) than sites
with ≤ 30 g kg-1 of OM. The specific gravity of tubers increased by 0.18% in the sites with ≥ 30
g kg-1 of OM. The total tuber yield for the three cultivars was maximized at 168 kg N ha-1. Applying
168 and 112 kg N ha-1 at ≤ 30 and ≥ 30 g kg-1 of OM sites, respectively, achieved marketable
specific gravity, starch, and dry matter content. Russet Burbank cultivars produced a significantly
higher yield than Shepody and Superior cultivars; however, there was no significant difference
among the cultivars regarding specific gravity of tubers. Excessive N application (>168 kg ha-1)
decreased potato tuber production and quality.
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2.2 INTRODUCTION
Potato crops have high economic importance worldwide (FAOSTAT, 2015). The potato
crop is the fourth most crucial crop after rice), wheat, and maize, which have historically
contributed to global food security (FAOSTAT, 2015).
The potato is a common vegetable grown in the United States of America (USA) and ranks
fourth in global potato production (Silver, 2013). At the beginning of the 18th century, potatoes
were introduced into the USA from Ireland and were first grown in New Hampshire. Today, the
USA produces more than 52.75 Mg ha-1 of potatoes annually on around 445154.2 ha, with an
approximate annual value of $3.5–4.0 billion. The northeastern states account for around 40468.6
ha each year(Bogash et al., 2014). USDA (2018) showed that potato production has been
increasing slowly in recent years. From 1960 to 1980, potato production increased by 10.54 Mg
ha-1, from 23.85 Mg ha-1 to 34.39 Mg ha-1, however, from 2000 to 2018 potato production
increased by only 8.15 Mg ha-1, from 49.2 Mg ha-1 to 57.36 Mg ha-1.
There are several challenges associated with the potato cultivation system, such as soil
fertility and pest management. The effective management of N fertilizers is the first challenge
involved in potato production(Fageria and Baligar, 2005). A high N rate has a positive impact on
vegetative growth, which in turn increases tuber yield (Oliveira and Alberto, 2000). Conversely,
N stress may restrict photosynthesis and negatively affect the partitioning of photosynthesis from
leaves to tubers (Jin et al., 2015). Low N rates not only produce a lower yield but also decrease
tuber size because of reduced leaf area and early defoliation. Furthermore, excess N will produce
more dry matter yields in parts of the plant other than the tubers (Goffart et al., 2008; Fontes et al.,
2010).
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Considering that N is the most critical element in increasing crop yield, its use is increasing
exponentially around the world (Fageria and Baligar, 2005). Potato tuber production consumes
approximately 4.5–8.5 kg soil N Mg-1, and plant tissues constitute 10–50 g kg-1 N (Kandi et al.,
2011). The N could limit tuber yield, thus it is required in higher quantities than other plant
nutrients (Haase et al., 2007; Poljak et al., 2007). To maximize potato yield, growers often apply
higher amounts of N fertilizer than the required range (Lemaire and Gastal, 1997).
Randall and Mulla (2001) reported that fertilizer N management, especially the rate and
time of application, plays a robust role in the loss of nitrate far from the rhizosphere. The challenge
is to manage N availability before, during, and after the maximum crop demand. Nitrogen
fertilizers are susceptible to denitrification, volatilization, leaching, and immobilization processes
within the soil; the risk of N losses due to these transformations increases as the time between N
application and crop uptake increases (Magdoff, 1991). Limiting the amount of inorganic N in the
soil profile at the end of a growing season, and also before establishing an extensive root system
for the next crop, is a crucial factor for reducing N losses (Power and Schepers, 1989).
Although the method of N application, timing, and the accounting for mineralizable soil N
are essential for reducing potential nitrate leaching, scientists have concluded that the most critical
factor is the addition of the correct amount of N fertilizer (Power and Schepers, 1989). With
soybean (Glycine max L.) crops, the N leaching potential is minimized, especially when it is
between growth stages V4 and R5, however, N leaching can be quite high in the early spring if a
large amount of N remains following the corn crop.
Zebarth et al., (2004) explained that a combination of moderate residual soil NO3, plus the
N made available through the growing season by mineralization of soil OM, could afford adequate
N fertility to produce potato yields (Russet Burbank) within 15% of the maximum obtained by
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applying 196 kg ha-1 of used N. Kelling and Wolkowski (1991) found the N requirements of earlymaturing determinant cultivars such as Russet Norkotah were considerably higher than slowergrowing indeterminant cultivars such as Alpha and Russet Burbank. The study results implied that
in early-maturing cultivars, tuber growth and development occur at the expense of root growth,
producing a weak root system with low nutrient recovery capability and correspondingly high N
fertilizer demands. In many circumstances, the yields achieved soslely with residual soil N (50–
75 kg ha-1) were approximately 15% of the maximum achieved with supplemental N. Fertilizer
use efficiency of potatoes has been identified to be weak and limited yield responses to N fertilizer
are common in both research experiments and commercial fields (Johnson et al., 1995).
Crop rotation may influence crop yield and improve soil properties, including soil nutrient
availability and OM (Guertal et al., 1997). Crop rotation may focus on a primary crop such as the
potato crop, while the other crops of the rotation may be selected for fertilizer, and diversity and
nutrient management. Potato cultivation systems generally involve excessive tillage and the
production of low levels of crop residue, which is the essential factor in soil quality (Carter and
Sanderson, 2001). A key concern in potato farming is the sustainability of the production system.
Therefore, it is essential to maintain soil quality to achieve a higher income for the invested capital.
Schulte et al. (2005) reported that growing corn after corn produced 9.5 Mg ha-1 when 224 kg of
N ha-1 was applied. In contrast, growing corn after alfalfa produced 10.56 Mg ha-1 with no added
N.
Cover crops could minimize both the mass of N leached and the nitrate concentration of
the leached amount from 20 to 80% in comparison with no cover crop (Meisinger et al., 1991).
Grasses and brassicas were found to be two to three times more efficient than legumes in reducing
N leaching (Meisinger et al., 1991). Cover crops have been used to enhance soil quality and reduce
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nonpoint sources of nutrient pollution, e.g., nitrate (Daliparthy et al., 1994). Thus, it is essential
from both an economic and environmental standpoint to determine how cover crop systems
influence soil OM characteristics and also the biogeochemical cycling of carbon (C) . The content
and characteristics of soil OM are a function of agricultural practices and the quantities and species
of plant residues returned to the soil (Campbell et al., 1998; Ding et al., 2002).
Soil OM content is very reactive, a ubiquitous component in soils. It is an essential soil
quality characteristic, which impacts the physical well-being of soils and productivity. Soil OM
content has been shown to improve soil bulk density, the proportion of soil occupied by air and
water, porosity, root penetration, water and nutrient use, and microbial activities in the soil
(Khaleel et al., 1981; Lampurlanés and Cantero-Martinez, 2003). Barmaki et al. (2008) highlighted
that the total yield of plots in which manure was applied increased by about 15.6% compared to
plots that received only chemical fertilizers, where OM content was 9.0 g kg-1.
McCauley et al. (2009) stated that soil OM decomposition decreased soil pH significantly.
The micronutrients (e.g., zinc (Zn), copper (Cu), iron (Fe), manganese (Mn)) bind firmly to the
surface of soil particles, where, at high pH (base, low H-concentration), these metal ions precipitate
with calcium (Ca) compounds. The metals are not readly available in the soil solution and, thus,
are inadequately available for plant uptake. In contrast, at low pH (acidic, high H-concentration),
fewer metal ions stick to the soil surface or precipitate with Ca compounds, making them more
accessible for plant uptake.
Mousavi et al. (2007) reported that zinc sulfate improved the total number of tubers, size
per plant, and weight of tubers per plant. Puzina (2004) mentioned that Zn is essential to improve
the indole-3-acetic acid (IAA)/abscisic acid (ABA) and cytokinin/ABA ratio, which induces the
formation and growth of stolons primarily due to reducing ABA content with an increase in the
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gibberellin content of the plant. However, root development decreased with the decline in alcohol
dehydrogenase enzyme under a low level of zinc because the molecule of the enzyme consists of
two atoms of Zn (Sati et al., 2017).
Murthy et al. (1979) reported that the photosynthetic rate was increased by 72% and 80%
in the presence of 10 mg kg-1 of Zn and Mn, respectively, and suggested that this occurred to
increase the amount of chlorophyll and carotenoids in the leaves. Roques et al. (2013) showed that
Cu is involved in processes related to the reduction of nitrate-N to ammonium in plants; therefore,
plants that suffer from Cu deficiency can have a significant accumulation of nitrate, carbohydrate,
and polyphenols in vegetative tissue. Copper is an essential component of many proteins that are
required for a reduction and oxidation processes within metabolic pathways such as respiration,
photosynthesis, and the regulation of plant hormones (MAFF, 1976). Trehan (1999) reported that
the application of Fe increased the yield of the fourth size class of tubers but decreased the yield
of the first size class, where Fe is a component of hemoglobin structure and cytochrome (Tisdale
et al., 1985; Mousavi et al., 2007).
Given the significance of supplying an optimum rate of N to potato crop, this study was
conducted to determine whether the sites were N-responsive study the response and qualtitative
properties of different potato cultivars under different rates of N fertilization, and evaluate the
impact of soil properties (OM) on potential yield.
2.3 METHODS
2.3.1 Description of The Study Area
The experiment was conducted at Aroostook County, Maine, during 2018 and 2019. A
total of 11 research sites were chosen. In 2018, six sites were established: Presque Isle, Aroostook
Farm (AF1) (Lat.46.66134° and Long.-68.01808°), Frenchville (FV) (Lat.47.21676° and Long.-
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68.41153°), New Sweden-1 (NS-1) (Lat.46.95156° and Long.-68.14779°), New Sweden-2 (NS-2)
(Lat.46.95271° and Long. -68.14572°), Caribou (CA1) (Lat. 46.88227° and Long. -68.02895°),
and Wood Land (WL) (Lat.46.88520° and Long.-68.12577°). In 2019, five additional research
sites were selected: Presque Isle, Aroostook Farm (AF 2 and 3) (Lat.46.66134° and Long.68.01808°), Limestone (LM) (Lat: 46.96186° and Long.-67.83333°), two in Caribou (CA2) (Lat:
46.89628° and Long.-68.07750°), and (CA3) (Lat: 46.89180° and Long.-68.04055°).
All sites had different average annual rainfall and temperature. Sites AF1, AF2, and AF3
had an average annual rainfall of 91.0 cm and an annual mean temperature of 5.15 C
̊ . Sites WD,
NS-aand NS-2, and CA1,CA2, and CA3 had an average annual rainfall of 97.9 cm and an annual
mean temperature of 4.3ºC, while FV had an average annual rainfall of 85.5 cm and an annual
mean temperature of 3.6ºC (United States Climate Data, 2018).
2.3.2 Experimental Materials
The experiment included three potato cultivars: Shepody, Russet Burbank, and Superior.
Shepody and Superior were selected depending on the availability of seeds at Aroostook farm,
while Russet Burbank was planted depending on farmers' choice. The Shepody and Superior
cultivars were planted at AF1 in (2018) and AF2 in (2019), respectively, while the Russet Burbank
cultivars were planted at the rest of the sites during 2018 and 2019. Planting space between seeds
(tubers) was 30 cm within the rows, and the width of each row was 90 cm.
2.3.3 Experimental Treatments and Design
Six rates of N, 0, 56, 112, 168, 224, and 280 kg ha-1 of ammonium sulfate were applied at
all the sites in the first year, in a randomized complete block desgin (RCBD) with four replications,
and ammonium nitrate was applied in the second year (because ammonium sulfate can increase
soil acidity, where most of the sites already have a low pH). Phosphorus (P), potassium (K), and
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sulfur (S) were applied as recommended by the University of Maine Soil Laboratory. In the
experimental design at each site, each subplot measured 9.14 m in length × 3.65 m in width and
had four rows. A distance of 1.50 m was maintained between replicates as a buffer zone. All
management practices, such as weeding, insect, pest, and disease control, were applied for all sites.
Planting was completed between the middle and end of May, and harvesting was conducted
between the end of September and the beginning of October.
2.3.4 Soil Properties
Prior to the fieldwork, soil samples were collected from each site for soil chemical analysis
using a hand probe (2.5 cm diameter) to a depth of 20 cm. Soil samples were sent to the University
of Maine Soil Laboratory for chemical testing, and the USDA-Natural Resources Conservation
Service was used to obtain soil taxonomy data (Table 2.1). The sites NS-1, NS-2, and WL had
three years of crop rotation (potato-grain-cover crop), whereas the sites CA1 and FV had two years
of crop rotation (potato-grain). A crop rotation system was not applied to the AF1, AF2, and AF3
sites , and the grass was planted continuously over seven years. The sites CA2, CA3, and LM had
two years of crop rotation (potato-mustard (Brassica nigra L)-radish (Raphanus sativus L)),
(potato-red clover (Trifolium pratense L) and white clover (Trifolium repens L))-rye (Secale
cereale L)), and (potato-clover-oat (Avena sativa L)-grains), respectively, (Table 2.1).
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Table 2.1. Soil chemical properties, soil series, and crop rotation duration. Data adopted from (Ahmed et al., 2020).
Site

pH 2

OM
g kg

NO3

NH4

P

K

Ca

-1

Mg
mg kg

S

Bo

Cu

Fe

Mn

Zn

-1

CEC
me/100g

Crop
Rotation

Soil Series

AF1

6.5

27

7.0

4.0

21.5

271

1258

250

4.0

0.2

0.42

2.0

2.9

0.3

7.0

>3 yrs

Fine-Loamy, mixed, Frigid Typic Haplorthods

AF2

6.5

18

6.0

9.0

17.0

201

1122

259

4.0

0.1

0.38

3.3

2.7

0.7

6.2

>3 yrs

Fine-Loamy, mixed, Frigid Typic Haplorthods

AF3

6.0

18

12.0

8.0

15.0

167

721

167

5.0

0.2

0.57

8.9

4.9

0.5

6.3

>3 yrs

Fine-Loamy, mixed, Frigid Typic Haplorthods

CA1

6.5

37

6.0

1.0

23.6

395

1376

172

8.0

0.3

0.67

5.0

3.2

1.3

7.9

2 yrs

Fine-Loamy, mixed, Frigid Aquic Haplorthods

CA2

5.0

41

8.0

3.0

19.4

271

431

92

19.0

0.4

1.69

23

8.1

2.6

7.8

2 yrs

Gravelly loam, Isotic, Frigid, Typic Haplorthods

CA3

6.0

30

7.0

2.0

19.5

195

1205

95

9.0

0.3

0.95

6.2

1.3

1.4

6.2

2 yrs

Gravelly loam, Isotic, Frigid, Typic Haplorthods

FV

5.9

49

5.0

1.0

19.8

266

1184

121

15.0

0.3

0.85

10.0

4.2

1.3

7.3

3 yrs

Fine-Loamy, mixed, Frigid Aquic Haplorthods,

LM

6.0

33

3.0

2.0

19.0

240

1089

108

7.0

0.2

2.96

8.7

3.4

0.8

6.5

2 yrs

Gravelly loam, Isotic, Frigid, Typic Haplorthods

NS-1

5.4

45

21.0

6.0

18.2

157

893

135

10.0

0.3

1.12

8.4

7.3

1.9

8.7

3 yrs

Fine-Loamy, mixed, Frigid Typic Haplorthods

NS-2

5.6

41

16.0

6.0

19.3

204

1038

132

6.0

0.3

1.33

11.0

8.8

1.7

7.9

3 yrs

Coarse-Loamy, Isotic, Frigid Oxyaquic
Haplorthods

WL

5.8

41

15.0

5.0

16.5

283

1319

131

9.0

0.3

0.71

6.0

8.4

1.6

7.3

3 yrs

Fine-Loamy, mixed, Frigid Aquic Haplorthods

1

Soil pH was measured in a 1:1 ratio of soil to deionized water (Watson and Brown, 1998), organic matter was measured using loss on ignition (LOI) method
(Ball, 1964), micro and macronutrients and were extracted using modified Morgan extraction method (McIntosh, 1969), and measured by ICP-OES (Inductively
coupled plasma optical emission spectroscopy)(Hendershot and Duquette, 1986), but phosphorus was measured using colorimetric (Knudsen and Beegle,
1988), NO3 was extracted using KCL (Keeney and Nelson, 1982), cation exchange capacity (CES) was measured using ammonium acetate method (Hendershot
and Duquette, 1986).
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2.3.5 Measurements
2.3.5.1 Yield Data Collection
2.3.5.1.1 Yield Harvesting and Calculation
A random selection of 3.0 m length from the two middle rows (6.0 m in total) of each
subplot was harvested mechanically using a potato digger machine; potato tubers were collected
into special paper bags of 23.0 kg capacity. Potato tubers were cleaned of soil and plant residues
and then graded to four different sizes using a potato grading machine (HAINES), which was
manufactured by Potato Handling Equipment, Presque Isle, Maine. The two middle rows (total of
6.0 m length) of each subplot were converted to 3.0 m length by dividing them on two and those
were then used to calculate total yield production using the equation provided by North Dakota
and Minnesota, (Equation 2.1) (Donavon et al., 1946).
The certain weight/acre (cwt/acre) = [

𝑙𝑙𝑙𝑙

10 𝑓𝑓𝑓𝑓

. × Multiplication Factor]

(Eq. 2.1)

The multiplication factor depends on the row width, which is equal to 14.5 when planting
a row with a width of 36 inches (90 cm). Equation 2.1 was used to calculate the total yield per area
which was then converted to the standard unit, which is Mg ha-1. The total weight per plant was
calculated by dividing the total weight of tubers from each subplot by the number of plants in the
row.
2.3.5.1.2 Marketable Tuber Yield
Potato tubers were classified according to their diameters into <45 mm, 46-65mm, 65-85
mm, and >85 mm by passing them through a grading machine. Potato tubers with a diameter of
<45 mm were considered as unmarketable tubers, while marketable tubers had a diameter greater
than 45 mm.
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2.3.5.1.3 Specific Gravity, Starch And Dry Matter Content
The specific gravity of tubers was calculated using the weight in air and weight in water
procedure (Eq. 2.2). Ten tubers of all sizes and shapes were randomly selected from each treatment
and were weighed first in the air and then in water. The specific gravity of tubers was measured
using the following equation (Kladivko et al., 1986).
Specific gravity (g cm-3) =[(weight in air ⁄(weight in air − weight in water)]

(Eq. 2.2)

Several studies proved that there is a robust correlation between the specific gravity of

tuber with starch and dry matter content. This correlation was used to calculate the total starch and
dry matter content, where three references (Equations 2.3-2.6) were statistically evaluated to
determine which one was a more precise calculation. In addition, dry matter and starch content
were estimated from the calculated specific gravity of tubers using established procedures (USDA,
1997) (DEPI, 1995).
(Yildrim and Tokuşoğlu, 2005)

Starch (%) = 17.546 + 199.07 × (X – 1.0988)

(Eq. 2.3)

Dry matter (%) = -214.9206 + [218.1852 × (X)]

(McDole et al., 1987)

(Eq. 2.4)

Starch (%) = [112.1 × (X)] - 106.4

(Kawano et al., 1987)

(Eq. 2.5)

Dry matter (%) = [158.3 × (X)] -142

(Kawano et al., 1987)

(Eq. 2.6)

Where X is the measured specific gravity of potato tuber.
The standard deviation used to evaluate the accuracy of equations. It was high (1.3 and 1.5)
when using equations 2.3 and 2.4, respectively. However, equations 2.5 and 2.6 revealed the lowest
standard deviation, 0.7 and 1.1, respectively, which have been adopted in the calculations.
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2.3.5.2 Vegetative Growth Characteristic
2.3.5.2.1 Chlorophyll index
Chlorophyll content of leaves, as an index, was measured using the Crop CircleTM (Holland
Scientific, Lincoln, NE) active optical sensor. The sebsor depends on red-edge and near-infrared
(NIR) wavelength bands to calculate the index, which are sensitive to a wide range of chlorophyll,
(Equation 2.7) (Gitelson et al., 2005).
ClRE =(𝑁𝑁𝑁𝑁𝑁𝑁 ⁄𝑅𝑅𝑅𝑅 ) -1

(Eq. 2.7)

Where,

NIR: near-infrared wavelength band 850 nm
RE: Rededge wavelength band 730 nm
2.3.6 Data Analysis
Yield, specific gravity, starch content, and dry matter were analyzed using analysis
variance (ANOVA) to test the variance among means values in each site using IBM-SPSS V-25
(SPSS-IBM-Corp., 2017). Mean separation was employed following the significance of mean
squares using least significant difference (LSD) at 5% probability. Linear regression analysis was
used to determine the relationship between specific gravity, dry matter, and starch content of which
specific gravity was considered as the independent variable and dry matter and starch as the
dependent variables (response). Linear regression was conducted between the highest yield
production from each site and soil chemical properties to understand the impact of soil properties
on the potato yield data. Linear regression was also conducted to investigate the response and
availability of soil micronutrients under different degrees of soil reactions. A correlation analysis
was conducted between total tuber yield and leaf chlorophyll index to understand how chlorophyll
content associated with the yield variation within different potato cultivars.
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2.4 RESULTS
2.4.1 Analysis of Variance and Mean Performance of Varieties
To better understand the response of potatoes to N, a multiple regression analysis was
conducted (data not shown) between soil properties and potato yield, where OM was found to be
the predominant factor that had a high correlation (P<0.01) and impact on crop yield (r2=0.77**),
(Figure 2.1). There was an apparent effect of OM content on tuber yield production, where the
sites with more than 30 g kg-1 of OM showed a significant disparity compared to sites that had less
than 30 g kg-1 of OM (Figure 2.2). As a result,, all the sites were categorized into two groups ≤ 30
and ≥ 30 g kg-1 of soil OM content. The sites NS-1, NS-2, FV, CA1, CA2, CA3, LM, and WD,
were classified as having ≥ 30 g kg-1 OM, while AF1, AF2, and AF3 were classified as having ≤
30 g kg-1 OM. It is important to mention that Shepody and Superior potato cultivars hade only one
site each that was classified as ≤ 30 g kg-1 OM.
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Figure 2.1. The effect of soil OM content on total tuber s yield produced from all sites during
the two growing seasons 2018-2019, P< 0.01.
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Figure 2.2. Potato yields from all cultivars and how they have been affected by N rates and
soil OM content, P< 0.01.
2.4.2 Vegetative Growth Characteristic (Chlorophyll Content)
2.4.2.1 Sites with ≤ 30 g kg-1 of Organic Matter
The chlorophyll content index of the plant leaves significantly interacted with N fertilizer
rates in most of the sites, where chlorophyll content increased with increased N rates. Significant
regression relationships between N rates and leaf chlorophyll index were found with all sites
combined, Shepody, Superior, and Russet Burbank cultivars, where R2= (0.39**, 0.25*, 0.75**, and
0.66**), respectively (Figure 2.3 a, b, c, and d), respectively.
The analysis of variance showed that chlorophyll index means for all cultivars combined
ranged between 1.0 to 1.45. N rate of 280 kg ha-1 resulted in the highest chlorophyll index mean
of 1.45, while 0 kg ha-1 of N resulted in the lowest chlorophyll index mean of 1.0. Statistically,
Post Hoc-LSD (P ≤0.05) showed that 0 kg ha-1 of N differed significantly compared to other N
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rates, while 112 kg N ha-1 did not differ significantly from N rates of 56, 168, 224, and 280 kg ha1

(Figure 2.4 a).
The chlorophyll index means for Shepody cultivar ranged from 1.36 to 1.60. The N rate of

112 kg ha-1 resulted in the highest chlorophyll index mean of 1.60, while 280 kg ha-1 of N resulted
in the lowest mean of 1.36. Statistically, Post Hoc-LSD (P >0.05) showed that 0 kg ha-1 of N did
not differ significantly from other N rates (Figure 2.4 b).
For Superior cultivar, the means ranged from 0.25 to 0.77. The N rate of 224 kg ha-1
resulted in the highest chlorophyll index mean of 0.77, while 0 kg ha-1 of N resulted in the lowest
mean of 0.25. Statistically, Post Hoc-LSD (P≤ 0.05) showed that 0 kg ha-1 of N differed
significantly with other N rates, while 168 kg N ha-1 did not differ significantly from 224, and 280
kg ha-1 (Figure 2.4 c). For Russet Burbank cultivars, the mean ranged from 0.99 to 1.51. A N rate
of 224 kg ha-1 resulted in the highest chlorophyll index mean of 1.51, while 0 kg ha-1 of N resulted
in the lowest mean of 0.99. Statistically, Post Hoc-LSD (P≤ 0.05) showed that 0 kg ha-1of N
differed significantly compared to other N rates, while 168 kg ha-1 of N did not differ significantly
compared to 112, 224, and 280 kg N ha-1 (Figure 2.4 d).
2.4.2.2 Sites with ≥ 30 g kg-1 of Organic Matter (Only Russet Burbank cultivar)
A significant statistical relationship, (P< 0.01) (R2= 0.41**) was recorded between N rates
and leaf chlorophyll index for Russet Burbank cultivars (Figure 2.3 e). The analysis of variance
showed that the chlorophyll index mean for Russet Burbank cultivars ranged from 0.99 to 1.55. A
N rate of 250 kg ha-1 resulted in the highest mean of 1.55, while 0 kg ha-1 of N resulted in the
lowest mean of 0.99. Statistically, Post Hoc-LSD (P≤ 0.05) showed that 0 kg ha-1 of N differed
significantly compared to other N rates. 224 kg ha-1 of N did not vary significantly with 280 kg N
ha-1 but did differ with 0, 56, 112, and 224 kg N ha-1 (Figure 2.4 e).

55

2.00

(a)
Chlorophyll index

Chlorophyll index

2.00
1.50
1.00

y = -7E-06x2 + 0.0034x + 1.0074
R² = 0.39**

0.50
0.00

1.00
0.50

100 150 200 250 300
N-Rate (kg ha-1)

0

2.00

(c)
Chlorophyll index

Chlorophyll index

50

0.80
0.60
0.40
y = -3E-06x2 + 0.0028x + 0.2103
R² = 0.75**

0.20
0.00

50

100 150 200 250 300
N-Rate (kg ha-1)

(d)

1.50
1.00

y = 1.024e0.0015x
R² = 0.6617

0.50
0.00

0

2.50
Chlorophyll index

y = 0.717e0.0015x
R² = 0.25*

1.50

0.00
0

1.00

(b)

50

0

100 150 200 250 300
N-Rate (kg ha-1)

50

100 150 200 250 300
N-Rate (kg ha-1)

(e)

2.00
1.50
1.00
0.50

y = -6E-06x2 + 0.0037x + 0.9844
R² = 0.41**

0.00
0

50

100 150 200 250 300
N-Rate (kg ha-1)

Figure 2.3 The relationship between N rates and chlorophyll Index, where (a) All sites
combined with ≤30 g kg-1 OM. (b) Shepody cultivar in the sites with ≤ 30 g kg-1 OM, (c)
Superior cultivar in the site with ≤ 30 g kg-1 OM, (d) Russet Burbank cultivar at the sites
with ≤ 30 g kg-1 OM, and (e) All sites (Russet Burbank cultivar) combined with ≥ 30 g kg-1
OM, P< 0.01.
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(a)

(b)

(d)

(c)

(e)

Figure 2.4. Chlorophyll response to N rates at the sites (a) all sites combined of ≤ 30 g kg-1
OM, (b) ≤ 30 g kg-1 OM-Shepody cultivar, (c) ≤ 30 g kg-1 OM-Superior cultivar, (d) ≤ 30 g
kg-1 OM-Russet cultivar, (e) all sites (Russet Burbank cultivar) combined with ≥ 30 g kg-1
OM, ANOVA at P< 0.05.
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2.4.3 Correlations Between Leaf Chlorophyll Content and Yield Data
A significant correlation was discovered between total tuber yield and leaf chlorophyll
index for both potato cultivars and at all sites. The period between the end of July and the beginning
of August showed the most significant correlation coefficient for the sites of ≤ 30 g kg-1 OM, the
sites of ≥ 30 g kg-1 OM, and all sites combined of ≤ and ≥ 30 g kg-1 OM (R2= 0.69**, 0.61**,
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Tuber yield (Mg ha-1)
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and 0.66**), respectively (Figure 2.5 a, b, and c).
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Figure 2.5. The correlation relationship between leaf chlorophyll index and tuber yield at the
sites with, (a) ≤ 30 g kg-1 OM, (b) ≥ 30 g kg-1 OM, (c) all sites combined, P< 0.01.
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2.4.4 Yield Data
2.4.4.1 Total Weight of Tubers Per Plant
2.4.4.1.1 Sites with ≤ 30 g kg-1 of Organic Matter
Different rates of N significantly affected potato yield measurements. Tuber weight per
plant for all cultivars combined ranged from 0.54 to 0.66 kg. The maximum tuber weight (0.66 kg
plant-1) was observed with 224 kg ha-1 of N, while the minimum tuber weights were observed with
0 kg ha-1 of N (0.54 kg plant-1) and 56 kg ha-1 of N (0.60 kg plant-1). There was no significant
difference in maximum tuber weight with 224 kg ha-1 of N (Figure 2.6 a).
For Shepody cultivar, tuber weight per plant ranged from 0.65 to 0.81 kg. The maximum
tuber weight (0.81 kg plant-1) was observed with 168 kg ha-1of N, while the minimum tuber weights
were observed with 0 kg ha-1 of N (0.65 kg plant-1) and 56 kg ha-1 of N (0.72 kg plant-1). After the
application of 168 kg ha-1of N, the maximum tuber weight did not show any progress. However,
there was no significant difference between all rates (Figure 2.6 b).
For Superior cultivar, tuber weight per plant ranged from 0.50 to 0.62 kg. The maximum
tuber weight (0.62 kg plant-1) was observed with 224 kg ha-1 of N, while the minimum tuber
weights were observed with 0 kg ha-1 of N (0.50 kg plant-1) and 56 kg ha-1 of N (0.53 kg plant-1).
After the application of 224 kha-1 of N, the maximum tuber weight did not show any progress.
However, there was no significant difference between all rates (Figure 2.6 c). For Russet Burbank
cultivars, tuber weights per plant ranged from 0.43 to 0.57 kg. The maximum tuber weight (0.57
kg plant-1) was observed with 224 kg ha-1 of N, while the minimum tuber weights were observed
with 280 kg ha-1 of N (0.43 kg plant-1) and 0 kg ha-1 of N (0.431 kg plant-1). After the application
of 224 kg ha-1 of N, the maximum tuber weight did not show any progress. However, there was no
significant difference between all rates (Figure 2.6 d).
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2.4.4.1.2 Sites with ≥ 30 g kg-1 of Organic Matter
The tuber weight per plant of Russet Burbank cultivars for sites ≥ 30 g kg-1 OM was
higher than the tuber weight per plant on the sites with ≤ 30 g kg-1 OM; the mean ranged from 0.99
to 1.55 kg. The maximum tuber weight (1.55 kg plant-1) was observed with 168 kg ha-1 of N, while
the minimum tuber weights were observed with 0 kg ha-1 of N (0.99 kg plant-1) and 56 kg ha-1
(1.22 kg plant-1). Although 168 kg ha-1 of N resulted in the highest yield per plant, it did not differ
significantly from 224 and 280 kg ha-1 of N (Figure 2.6 e).
2.4.4.1.3 Different Potato Cultivars
The different potato cultivars (regardless of soil OM content) significantly affected potato
yield. The maximum tuber weight (0.91 kg plant-1) was found with Russet Burbank cultivars, while
the minimum tuber weight was observed with Superior cultivars (0.55 kg plant-1). Statistically
there was a significant difference among the cultivars, Post Hoc-LSD (p≤0.05). Superior cultivar
showed a considerable difference compared to each of the Russet Burbank and Shepody cultivars
(Figure 2.7).
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(a)

(b)

(c)

(d)

(e)

Figure 2.6. Effect of N fertilization rates on potato tuber’s weight per plant at the sites with,
(a) all combined cultivars of ≤ 30 g kg-1 OM, (b) Shepody cultivar with ≤ 30 g kg-1 OM, (c)
Superior cultivar with ≤ 30 g kg-1 OM, (d) Russet Burbank cultivar with ≤ 30 g kg-1 OM, and
(e) all combined Russet Burbank cultivar of ≥ 30 g kg-1 OM, ANOVA at P< 0.05.
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Figure 2.7. Effect of potato cultivars on potato tuber’s weight per plant, ANOVA at P< 0.05.
2.4.4.2 Total Yield Per Area
Total yield increased significantly with N rate at all sites where a polynomial response
function described the relationship between N rate and total tuber yield (R2 = 0.85, 0.6, 0.85, and
0.98) for the sites with Shepody, Superior, and Russet Burbank cultivars that had OM ≤ 30 g kg-1,
and the sites with Russet Burbank cultivars that had OM ≥ 30 g kg-1 (Figure 2.2).
2.4.4.2.1 Sites with ≤ 30 g kg-1 of Organic Matter
The total tuber yield from all cultivars combined ranged from 22.07 to 27.45 Mg ha-1.
Maximum total tuber yield (27.45 Mg ha-1) was observed with 168 kg ha-1 of N, while the
minimum total tuber yields were observed with 0 kg ha-1 of N (22.07 Mg ha-1) and 56 kg ha-1 of N
(24.59 Mg ha-1). Statistically, Post Hoc-LSD (P≤ 0.05) showed that 0 kg ha-1 of N differed
significantly from other N rates, while 168 kg ha-1 of N did not differ significantly from 224 and
280 kg ha-1 of N (Figure 2.8 a).
For Shepody cultivar, the total tuber yield ranged from 26.29 to 32.81Mg ha-1. The
maximum total tuber yield (32.81 Mg ha-1) was observed with 168 kg ha-1 of N, while the minimum
total tuber yields were observed with 0 kg ha-1 of N (26.29 Mg ha-1) and 56 kg ha-1 of N (29.07
Mg ha-1). After the appliation of 168 kg ha-1 of N, the maximum tuber yield did not show any
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progress. Statistically, Post Hoc-LSD (P> 0.05) showed that 0 kg ha-1 of N did not differ
significantly from the other rates of N (Figure 2.8 b).
For Superior cultivar, the total tuber yield ranged from 21.78 to 26.26 Mg ha-1. The
maximum total tuber yield (26.26 Mg ha-1) was observed with 224 kg ha-1 of N, while the minimum
total tuber yields were observed with 0, 56, and 112 kg ha-1 of N (21.78, 22.26, and 21.26 Mg ha1

respectively). After 224 kg ha-1 of N, the maximum tuber yield did not show any progress.

Statistically, Post Hoc-LSD (P> 0.05) showed that 0 kg ha-1 of N did not differ significantly from
the other rates of N (Figure 2.8 c). For Russet Burbank cultivar, the total tuber yield ranged from
18.14 to 24.0 Mg ha-1. The maximum total tuber yield (24.0 Mg ha-1) was observed with 224 kg
ha-1 of N, while the minimum total tuber yield was observed with 280 kg ha-1 of N (18.14 Mg ha1

). After the application of 224 kg ha-1 of N, the maximum tuber yield did not show any progress.

Statistically, Post Hoc-LSD (P > 0.05) showed that 0 kg ha-1 of N did not differ significantly from
other rates of N (Figure 2.8 d).
2.4.4.2.2 Sites with ≥ 30 g kg-1 of Organic Matter
For Russet Burbank cultivar, the total tuber yield ranged from 26.2 to 40.43 Mg ha-1. The
maximum total tuber yield (40.43 Mg ha-1) was observed with 168 kg ha-1 of N, while the minimum
total tuber yield was found with 0 kg ha-1 of N (26.2 Mg ha-1). After the application of 168 kg ha1

of N, the maximum tuber yield did not show any progress. Statistically, Post Hoc-LSD (P≤ 0.05)

showed that 0 kg ha-1 of N differed significantly with other rates N, while 168 kg ha-1 of N did not
vary significantly with 224 and 280 kg ha-1 of N, (Figure 2.8 e).
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Figure 2.8. Effect of N fertilization rates on total tuber yield of potato at the sites with, (a) all
combined cultivars of ≤ 30 g kg-1 OM, (b) Shepody cultivar ≤ 30 g kg-1 OM, (c) Superior
cultivar ≤ 30 g kg-1 OM, (d) Russet Burbank cultivar ≤ 30 g kg-1 OM, and (e) all sites
combined (Russet Burbank cultivar) ≥ 30 g kg-1 OM, ANOVA at P< 0.05.
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2.4.4.2.3 Different Potato Cultivars
Regardless of soil OM content, the maximum total tuber yield (33.7 Mg ha-1) was observed
with Russet Burbank cultivar, while the minimum total tuber yield (23.3 Mg ha-1) was found with
Superior cultivars. Statistically, Post Hoc-LSD (P≤ 0.05) confirmed a significant difference among
cultivars (Table 2.2 and Table 2.3). Shepody cultivar showed a significant difference compared to
Superior cultivar but not compared to Russet Burbank cultivar. Superior cultivar showed a
significant difference with each of the Russet Burbank and Shepody cultivars (Figure 2.9).

Figure 2.9. Effect of potato cultivars on total tuber yield of potato, ANOVA at P< 0.05.

Table 2.2. Analysis of variance (ANOVA) between yield data and potato cultivars, P< 0.05.
Yield (Mg/ha)
Sum of Squares

df

Mean Square

F

Sig.

2437.08

2

1218.54

14.72

.000

Within Groups

21440.75

259

82.78

Total

23877.83

261

Between
Groups
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Table 2.3. Multiple comparisons analysis between yield data and each potato cultivar, P<
0.05.
Dependent Variable: Yield (Mg/ha)
LSD
(I) Cultivar

(J) Cultivar

Mean Difference (I-J)

Std.

Sig.

Error
Shepody

Superior

7.086

*

2.627

.007

Russet

-3.297

1.959

.093

Shepody

-7.086*

2.627

.007

Russet

-10.384*

1.959

.000

3.297

1.959

.093

1.959

.000

Burbank
Superior

Burbank
Russet
Burbank

Shepody

10.384

Superior

*

*. The mean difference is significant at the 0.05 level.

2.4.4.3 Marketable Tuber Yield
2.4.4.3.1 Sites with ≤ 30 g kg-1 of Organic Matter
The marketable tuber yield for all combined cultivars ranged from 18.57 to 22.18 Mg ha1

, with a mean of 20.55 Mg ha-1. The maximum value of marketable tuber yield (22.18 Mg ha-1)

was observed with 56 kg ha-1 of N, while the minimum value was observed with 0 kg ha-1 of N
(18.57 Mg ha-1). The maximum value did not show any increase with an increase N rate.
Statistically, there was no significant difference between the means, where P > 0.05, (Figure 2.10
a).
The marketable tuber yield for Shepody cultivar ranged from 24.16 to 31.4 Mg ha-1, with
a mean of 28.50 Mg ha-1. The maximum value of marketable tuber yield (31.4 Mg ha-1) was
observed with 168 kg ha-1 of N, while the minimum value was observed with 0 kg ha-1 of N. The
maximum value did not show any increase with an increase in N rate. Statistically, there was no
significant difference between means, where P> 0.05, (Figure 2.10 b).
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The marketable tuber yield for Superior cultivar ranged from 17.58 to 22.68 Mg ha-1, with
a mean of 20.65 Mg ha-1. The maximum value of marketable tuber yield (22.68 Mg ha-1) was
observed with 280 kg ha-1 of N, while the minimum value was observed with 0 kg ha-1 of N. The
maximum value did not show any increase with an increase N rate. Statistically, there was no
significant difference between means, where P > 0.05, (Figure 2.10 c). The marketable tuber yield
for Russet Burbank cultivar ranged from 8.77 to 16.8 Mg ha-1, with a mean of 12.47 Mg ha-1. The
maximum value of marketable tuber yield (16.8 Mg ha-1) was observed with 56 kg ha-1of N, while
the minimum value was observed with 280 kg ha-1 of N. The maximum value did not show any
increase with an increase N rate. Statistically, the only significant difference was noted between 0
and 56 kg ha-1 of N, (Figure 2.10 d).
2.4.4.3.2 Sites with ≥ 30 g kg-1 of Organic Matter
The marketable tuber yield for Russet Burbank cultivar ranged from 32.59 to 34.3 Mg ha1

, with a mean of 29.35 Mg ha-1. The maximum value of marketable tuber yield (34.3 Mg ha-1)

was observed with 168 kg ha-1of N, while the lowest value was found with 0 kg ha-1 of N. The
maximum value did not show any increase after the rate of 168 kg ha-1 of N. Statistically, there
was a significant difference between 0 kg ha-1 of N and rates of 168, 224, and 280 kg ha-1 of N.
However, the rate of 168 kg ha-1 of N did not differ significantly from 224 and 280 kg ha-1 of N,
(Figure 2.10 e).
2.4.4.3.3 Different Potato Cultivars
Regardless of soil OM content, the maximum marketable tuber yield (28.4 Mg ha-1) was
found with Russet Burbank cultivar, while the minimum value was found with Superior cultivar
(20.0 Mg ha-1). Statistically, Post Hoc-LSD (P≤ 0.05) showed that Shepody cultivar exhibited a
significant difference with compared to Superior cultivar but not compared to Russet Burbank
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cultivar. Superior cultivar showed a significant difference with each of the Russet Burbank and
Shepody cultivars (Figure 2.11)
(a)

(b)

(c)

(d)

(e)

Figure 2.10. Effect of N fertilization rates on marketable tuber yield at the sites with, (a) all
combined cultivars of ≤ 30 g kg-1 OM, (b) Shepody cultivar ≤ 30 g kg-1 OM, (c) Superior
cultivar ≤ 30 g kg-1 OM, (d) Russet Burbank cultivar ≤ 30 g kg-1 OM, and (e) all sites
combined (Russet Burbank cultivar) ≥ 30 g kg-1 OM, ANOVA at P< 0.05.
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Figure 2.11. Effect of potato cultivars on marketable tuber yield of potato, ANOVA at P<
0.05.
2.4.4.4 Number of Tubers Per Plant
2.4.4.4.1 Sites with ≤ 30 g kg-1 of Organic Matter
The number of tubers per plant for all cultivars combined ranged from 4.77 to 5.30, with a
mean of 5.01 tubers per plant. The maximum number of tubers per plant (5.30) was observed with
112 kg ha-1 of N, while the lowest value was found with 280 kg ha-1 of N. The maximum value
did not show any increase after the rate of 112 kg ha-1 of N. Statistically, there was no significant
difference among all means (Figure 2.12 a).
For Shepody cultivar, the number of tubers per plant ranged from 3.5 to 4.8, with a mean
of 4.05 tubers per plant. The maximum number of tubers per plant (4.8) was observed with 112 kg
ha-1 of N, while the lowest value was found with 224 kg ha-1 of N. The maximum value did not
show any increase after the rate of 112 kg ha-1 of N. Statistically, there was a significant difference
among the means, where 112 kg ha-1 of N differed significantly from 168, 224, and 280 kg ha-1 of
N, however, there was no significant difference observed with 0, or 56 kg ha-1 of N (Figure 2.12
b).

69

For Superior cultivar, the number of tubers per plant ranged from 4.62 to 5.31, with a mean
of 4.84 tubers per plant. The maximum number of tubers per plant (5.31) was observed with 56 kg
ha-1 of N, while the minimum value was observed with 280 kg ha-1 of N. The maximum value did
not show any increase after the rate of 56 kg ha-1 of N. Statistically, there was no significant
difference among all means (Figure 2.12 c). For Russet Burbank cultivar, the number of tubers per
plant ranged from 5.41 to 6.71, with a mean of 6.18 tubers per plant. The maximum number of
tubers per plant (6.71) was observed with 56 kg ha-1 of N, while the minimum value was observed
with 280 kg ha-1 of N. The maximum value did not show any increase after the rate of 56 kg ha-1
of N. Statistically, there was no significant difference among all means (Figure 2.12 d).
2.4.4.4.2 Sites with ≥ 30 g kg-1 of Organic Matter
The number of tubers per plant for all sites combined (Russet Burbank cultivar) ranged
from 6.35 to 6.85, with a mean of 6.63 tubers per plant. The maximum number of tubers per plant
(6.85) was observed with 112 kg ha-1 of N, while the minimum value was observed with 0 kg ha-1
of N. The maximum value did not show any increase after the rate of 112 kg ha-1 of N. Statistically,
there was no significant difference among all means (Figure 2.12 e).
2.4.4.4.3 Different Potato Cultivars
Regardless of soil OM content, the number of tubers per plant for all potato cultivars ranged
from 4.1 to 6.6, with a mean of 6.2 tuber per plant. The maximum number of tubers per plant was
observed with Russet Burbank cultivar, while the minimum value was observed with Shepody
cultivar. Statistically, there was a significant difference among all of the cultivars, Post Hoc-LSD
(P≤ 0.05), (Figure 2.13).
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(e)

Figure 2.12. Effect of N fertilization rates on number of tubers per plant at the sites with, (a)
all combined cultivars of ≤ 30 g kg-1 OM, (b) Shepody cultivar ≤ 30 g kg-1 OM, (c) Superior
cultivar ≤ 30 g kg-1 OM, (d) Russet Burbank cultivar ≤ 30 g kg-1 OM, and (e) all sites
combined (Russet Burbank cultivar) ≥ 30 g kg-1 OM, ANOVA at P< 0.05.
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Figure 2.13. Effect of potato cultivars on the number of tubers per plant, ANOVA at P< 0.05.
2.4.4.5 Specific Gravity, Starch, and Dry Matter Content
2.4.4.5.1 Sites with ≤ 30 g kg-1 of Organic Matter
High rates of N led to a gradual decrease in tuber specific gravity, starch, and dry matter at
all sites for all cultivars combineds. Rates of 0, 56, and 112, kg ha-1 of N produced the highest
values of specific gravity (1.0821, 1.0799, and 1.0791, respectively), while 280 kg ha-1 of N
reduced the specific gravity to 1.0746 (Figure 2.14 a). Starch and dry matter content showed higher
values with the lowest N rates and decreased with an increase in N rates. Nitrogen rates of 0, 56,
and 112 kg ha-1 resulted in the highest values of starch (142.5 g kg-1, 138.1 g kg-1, and 136.5 g kg1

, respectively), and of dry matter (293.1 g kg-1, 289.5 g kg-1, and 288.3 g kg-1, respectively).

However, N rates of 168, 224, and 280 kg ha-1 led to the lowest values of starch (130.8 g kg-1,
133.2 g kg-1, and 127.5 g kg-1, respectively) and dry matter (283.8 g kg-1, 285.7 g kg-1, and 281.1
g kg-1, respectively) (Figure 2.14 b and c). Statistically, the rate of 0 kg ha-1 of N differed
significantly the rates of with 168 and 280 kg ha-1 but did not differ significantly with the rates of
56 and 112 kg ha-1 for each of specific gravity, starch, and dry matter.
For Shepody cultivar, specific gravity, starch, and dry matter decreased with increasing N
rates. Nitrogen rates of 0, 56, and 112, kg ha-1 produced the highest values of specific gravity
(1.0897, 1.0875, and 1.0861, respectively) while 280 kg ha-1 of N reduced the specific gravity to
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1.0757 (Figure 2.14 d). Starch and dry matter content showed higher values with the lowest N rate
and decreased with an increase in N rate. Nitrogen rates of 0, 56, and 112 kg ha-1 resulted in the
highest values of starch (157.5 g kg-1, 155.1 g kg-1, and 153.5 g kg-1, respectively), and dry matter
(305 g kg-1, 301.6 g kg-1, and 299.4 g kg-1, respectively). However, N rates of 168, 224, and 280
kg ha-1 led to the lowest values of starch (147 g kg-1, 149.8 g kg-1, and 141.9 g kg-1, respectively)
and dry matter (290.1 g kg-1, 293.1 g kg-1, and 282.9 g kg-1, respectively), (Figure 2.14 e and f).
Statistically, the rate of 0 kg ha-1 of N differed significantly with rates of 168, 224, and 280 kg ha1

, but did not differ significantly with the rates of 56 and 112 kg ha-1 of N for each of specific

gravity, starch, and dry matter.
For Superior cultivar, the specific gravity, starch, and dry matter increased slightly with
increasing N rates. Rates of N of 0, 56, and 112, kg ha-1 produced the lowest values of specific
gravity (1.0771, 1.0764, and 1.0761, respectively) while 224 and 280 kg ha-1 of N produced higher
values (1.0791 and 1.0777, respectively), (Figure 2.14 g). Starch and dry matter content showed
higher values with the highest N rate and decreased with the lowest N rates. Nitrogen rates of 0,
56, and 112 kg ha-1 resulted in the highest values of starch (143.4 g kg-1, 142.6 g kg-1, and 142.3 g
kg-1, respectively), and dry matter (285 g kg-1, 283.9 g kg-1, and 283.4 g kg-1, respectively).
However, 168, 224, and 280 kg ha-1 of N produced 140.2 g kg-1, 145.6 g kg-1, and 144.1 g kg-1 of
starch and 280.5 g kg-1, 288.2 g kg-1, and 286 g kg-1 of dry matter, respectively (Figure 2.14 h and
i). Statistically, N rates did not result in any significant differences among the means of tuber
properties.
For Russet Burbank cultivar, specific gravity, starch, and dry matter decreased with
increasing N rates. Nitrogen rate of 0, 56, and 112, kg ha-1 produced the highest values of specific
gravity (1.0798, 1.0758, and 1.0752, respectively) while 224 and 280 kg ha-1 of N reduced specific
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gravity to 1.0707 and 1.0705, respectively (Figure 2.14 j). Starch and dry matter content showed
higher values with the lowest N rate and decreased with an increase N rate. Nitrogen rates of 0,
56, and 112 kg ha-1 resulted in the highest values of starch (146.5 g kg-1, 142 g kg-1, and 141.3 g
kg-1, respectively), and dry matter (289.4 g kg-1, 283.1 g kg-1, and 282 g kg-1, respectively).
However, 168, 224, and 280 kg ha-1 of N led to the lowest values of starch (140.3 g kg-1, 136.3 g
kg-1, respectively), and dry matter (136.1 g kg-1 of starch and 280.6 g kg-1, 274.9 g kg-1, and 274.6
g kg-1, respectively) (Figure 2.14 k and l). Statistically, the N rate of 0 kg ha-1 differed significantly
only to N rates of 224 and 280 kg N ha-1 but did not with 56, 112, and 168 kg ha-1 for each of
specific gravity, starch, and dry matter.

(a)

(b)

(d)

(c)
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Figure 2.14. Effect of different N rates on tubers quality, specific gravity, starch content, and
dry matter content for different cultivars and at sites with < 30 g kg-1 of OM; (a) tubersspecific gravity for all cultivars combined, (b) tubers-starch content for all cultivars
combined, (c) tubers-dry matter for all cultivars combined, (d) tubers-specific gravity for
Shepody cultivar, (e) tubers-starch content for Shepody cultivar, (f) tubers-dry matter for
Shepody cultivar, (g) tubers-specific gravity for Superior cultivar, (h) tubers-starch content
for Superior cultivar, (i) tubers-dry matter for Superior cultivar, (j) tubers-specific gravity
for Russet Burbank cultivar, (k) tubers-starch content for Russet Burbank cultivar, (l)
tubers-dry matter for Russet Burbank cultivar, ANOVA at P< 0.05.
The specific gravity of Russet Burbank cultivar (1.079) was lower than that of Shepody
cultivar (1.089). Figure 2.15 shows that Shepody cultivar can produce an accepted value of specific
gravity marketably untill N rates reach 168 kg ha-1. In contrast, Russet Burbank cultivar showed
lower values of specific gravity within that rate. This result is the inverse of what observed in
studies conducted by (Storey and Davies, 1992; Bélanger et al., 2002), in which RS produced
higher values of specific gravity in comparison with Shepody cultivar. These conflicting results
can be explained by the fact that the specific gravity for any cultivar is inversely related to
increased N rates. Shepody is classified as an early-maturing cultivar, meaning that it will mature
sooner than a Russet Burbank cultivar and subsequently, there is no additional uptake of N affect
specific gravity values when the Russet Burbank cultivar is continually growing and taking up N.
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Figure 2.15. The response spesific gravity of Russet Burbank and Shepody cultivars to
different rates of nitrogen, P< 0.05.
2.4.4.5.2 Sites with ≥ 30 g kg-1 of Organic Matter
For all combined Russet Burbank cultivars, specific gravity, starch, and dry matter
decreased with increasing N rates. Nitrogen rates of 0, 56, and 112, kg ha-1 produced the highest
values of specific gravity (1.1158,1.1067, and 1.0838, respectively) while 224 and 280 kg ha-1 of
N reduced specific gravity to 1.0410 and 1.0401, respectively (Figure 2.16 a).
Starch and dry matter content showed higher values with the lowest N rate and showed
lower values with increased N rates. Nitrogen rates of 0, 56, and 112 kg ha-1 resulted in the highest
values of starch (181.2 g kg-1, 165 g kg-1, and 144.8 g kg-1, respectively), and dry matter (338.4 g
kg-1, 323.1 g kg-1, and 287 g kg-1, respectively). However, 168, 224, and 280 kg ha-1 of N led to
the lowest values of starch (102.8 g kg-1, 95.5 g kg-1, and 94.6 g kg-1, respectively) and dry matter
(227.7 g kg-1, 217.4 g kg-1, and 216.1 g kg-1, respectively) (Figure 2.16 b and c). Statistically, the
N rate of 0 kg ha-1 differed significantly only to 168, 224, and 280 kg ha-1 of N and did not differ
significantly to 56 and 112 kg ha-1 of N for each of specific gravity, starch, and dry matter.
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(b)

(a)

(c)

Figure 2.16. Effect of different N rates on tubers quality, specific gravity, starch content, and
dry matter content for all combined sites with ≥ 30 g kg-1 of OM, where (a) tubers-specific
gravity, (b) tubers-starch content, (c) tubers-dry matter, ANOVA at P< 0.05.
2.4.4.5.3 Different Potato Cultivars
Regardless of soil OM content, the maximum value of specific gravity for tubers (1.084)
was found with Shepody cultivar, while the lowest value was found with Russet Burbank cultivar
(1.067). Statistically, Post Hoc-LSD (P > 0.05) showed that the specific gravity of tubers was not
affected by the potato cultivar factor (Figure 2.17).
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Figure 2.17. Effect of potato cultivars on the specific gravity of potato tubers, ANOVA at P<
0.05.
2.5 DISCUSSION
The results showed increases in chlorophyll index with an increasing N rate of up to 224
kg ha-1 regardless, of soil OM content. Each cultivar within the group of ≤ 30 g kg-1of OM showed
continued increase in chlorophyll index with increasing N rate.. This could be attributed to the low
SOM content, ≤ 30 g kg-1, which encouraged the utilization of N fertilizer in metabolism and
meristematic activities. These outcomes are in agreement with those obtained by El-Gizaw (2009).
Chlorophyll index was observed to run compatibly with the potato yield pattern (Ahmed et al.,
2009; Güler, 2009), and this could be attributed to the N affecting plant growth and as a result,
affecting chlorophyll concentration (Parvizi et al., 2004). Moreover, total tuber yield was
significantly correlated with leaf chlorophyll index. This could be attributed to the N influencing
plant growth and yield. A study conducted on corn by Parvizi et al. (2004) highlighted that there
was a highly significant correlation between leaf's chlorophyll readings and yield of dry matter.
The best fit of the polynomial function described the relationship between N rate and total
tuber yield, where the coefficient of determination, R2, ranged from 0.60 to 0.96. The highest
response to N applications at the sites with OM ≥ 30 g kg-1 may be due to the robust effect of OM,
which accumulated as a result of continuous crop rotation operations over 2 to 3 years. Sites with
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≥ 30 g kg-1 of OM produced 40.93 Mg ha-1 as a maximum potato tuber yield, whereas sites with ≤
30 g kg-1 of OM produced a maximum of 27.45 Mg ha-1 potato tuber, which is approximately
39.45% higher than the tubers yield produced from sites with ≤ 30 g kg-1 of OM. Additionally,
sites with ≥ 30 g kg-1 of OM produced a higher total tuber weight per plant (50.2%) than sites with
≤ 30 g kg-1 of soil OM. The significant difference in tuber yield response among the sites was
attributed to the practice different crop rotation systems, which consequently promoted crop
residue accumulation, and also supported soil properties (Charles et al., 2009).
Tuber weight per plant responded positively to the N rates in the case of the combined
sites. An N rate of 168 kg ha-1 produced the maximum tuber yield for the sites with ≥ 30 g kg-1
and ≤ 30 g kg-1 of soil OM. Russet Burbank cultivar at sites with ≥ 30 g kg-1 of OM showed a
maximum tuber yield with a rate of 168 kgha-1 of N and did not show a significant difference with
224 kg ha-1 of N. This result differs from results obtained in Maine by Porter and Sisson (1991)
which showed that 96 kg ha-1 of N and 211 kg ha-1 of N were the most effective rates and resulted
in the maximum total tuber yield for Russet Burbank and Shepody cultivars, respectively. This
difference could be due to a high soil OM content > 65 g kg-1, but a low quality and high C:N ratio.
Consequently, soil microorganisms my have required a higher rate of N to accomplish OM
decomposition (Miller, 2000). Russet Burbank cultivarin sites with ≤ 30 g kg-1 of OM produced a
maximum tuber yield of 24.05 Mg ha-1, which is approximately 52.0% lower than the tuber yield
of Russet Burbank cultivar in the sites with ≥ 30 g kg-1 of soil OM.
The observedyield reduction after the application of a rate >168 N kg ha-1of N in both
groups (≤ 30 and ≥ 30 g kg-1 of soil OM) could be due to a delay in tuber growth as a result of the
long vegetative (leaves and stems) growing period in comparison to tuber growth. The excessive
applications of N encouraged a dense vegetative growth, which in turn reduced the amount of the
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carbohydrates expected to be available for tuber growth. As a result, photosynthesis supported the
leaves of the plant more than the tubers and eventually reduced tuber quality (Porter and Sisson,
1989; Ahmed et al., 2009).
As for the effect of cultivars, Russet Burbank produced a higher yield than Shepody and
Superior cultivars, which is in agreement with what discovered by (Feibert et al., 1998; Meyer,
2002). However, Superior cultivar may reach a high level of productivity (like Russet Burbank
and Shepody cultivars) if planted under irrigated systems, as observed by Evanylo (1989).
As a comparison, the gap between marketable tuber yield and total tuber yield was
attributed to subtracting unmarketable tubers. Within the marketable tuber yield itself, the gap
between the yields in the sites that contained ≤ 30 g kg-1 and ≥ 30 g kg-1 of OM content was
attributed to the benefits of OM toward soil physical properties i.e., bulk density. The higher the
SOM content, the lower the soil bulk density and as a result, a soft bed was created around the
tubers that allowed for size enlargement. This finding is in agreement with the result of a study
conducted by Lynch et al. (2008).
The number of tubers per plant increased in the sites with ≥ 30 g kg-1 of soil OM content
in comparison with sites with ≤ 30 g kg-1 of OM. This result is the opposite of results obtained in
the first year of this research (2018. In 2018) ammonium sulfate was used as a source of N, while
in the second year (2019) ammonium nitrate was used. These findings agree with those of studies
conducted by (Polizotto et al., 1975; Davis et al., 1986; Maier et al., 2002), in which different
sources of N(ammonium nitrate, ammonium sulfate, and urea) were compared. It was shown that
ammonium nitrate produced a higher number of tubers per plant in comparison with the other
sources that contained mostly ammonium as a source of N. The studies also demonstrated that
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nitrate is essential to support the growth of tops, roots, and tubers. Moreover, the results showed
that some NO3-N should be available to the potato for proper growth, development, and yield.
The average specific gravity, starch content, and dry matter content of all sites followed
the same pattern of progress, where increasing N rates led to a decrease in potato quality. The
values of specific gravity, starch, and dry matter content were lower in the sites with ≥ 30 g kg-1
of OM than sites with ≤ 30 g kg-1 of OM, and showed a reduction of 2.9%, 23.9%, and 21.9%,
respectively at 168 kg ha-1 of N, which is the rate that produced the highest tuber yield.
High rates of N encouraged growth rates and prompted solids accumulated through
photosynthesis to immediately be utilized to develop the vegetative growth (leaves and stems)
instead of supporting the growth of the tubers.This resulted in the production of tubers with low
values of specific gravity, dry matter, and starch content. These results are in line with results
obtained by Schippers (1968), which demonstrated that increasing N rates reduced tuber quality
due to an increase in tuber water content. However, other researchers (Teich and Menzies, 1964;
Hermanson, 1965; Kelling et al., 2003; Kelling and Speth, 2004; B. Zebarth et al., 2004) did not
observe any effect of N rates on specific gravity, starch content, and dry matter.
In some situations, specific gravity, starch, and dry matter levels may increase compared
to the zero N rate; this can happen only when a reasonable rate of N is applied on infertile soils
(Zvomuya et al., 2003). However, tuber quality will decrease when N rates reach excessive levels.
The impact of N on reducing specific gravity appears to be a substantial factor when N rates
surpass the requirements of the crop. The explanation for this issue is that any excessive N in the
soil due to an extreme N, either from over-fertilization or credits from the previous cover crop, can
cause a problem when combined with the amount of N from the regular application. Schippers
(1976) demonstrated a high correlation between specific gravity and dry matter or starch.
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Increasing the N rate may increase tuber yield, however, it simultaneosly decreases the tuber dry
matter. This could be attributed to an increase in tuber water content due to an excessive N rate.
Shepody cultivars showed higher values of tuber specific gravity than Russet Burbank and
Superior cultivars, which agreeswith what was discovered by (Porter and Sisson, 1991; Wayumba
et al., 2019). This could be attributed to the short growing season for Shepody and Superior
cultivars which reduces the opportunity for the plants to consume more N, where excessive N
mostly negatively affects specific gravity. Statistically, potato cultivars did not show a significant
difference regrading tuber specific gravity values. Multiple regression analysis between soil OM
content and soil micronutrients confirmed that the availability of micronutrients increased with an
increase in soil OM content (where R2= 0.47, 0.60, 0.31, 0.51, and 0.60 for S, B, Mn, Zn, and
CEC respectively), (data not shown).
2.6 CONCLUSIONS
Monitoring soil OM content is essential for crop production, including potato crops.
Among the series of N rates used, the rate of 168 kg ha-1 achieved the highest tuber yield production
at all sites. Soil OM content supported tuber yield significantly at all sites but did not reduce the
required N rate.
Although low soil pH was not beneficial regarding the availability of macronutrients, soil
OM content improved the total potential yield. The issue induced by acidity is less if the soil is
adequately supported with OM because organic matter serves to make Aluminum less toxic.
Moreover, humus improves soil cation exchange capacity (CEC). Soil pH will not shift as quickly
in soil with high OM content, where organic matter buffers soil pH and decrease acidification
because it restrains hydrogen (H) tightly (Magdoff and Van Es, 2000).
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An N rate of 168 kg ha-1 achieved the highest tuber yield with acceptable quality for Russet
Burbank, Shepody, and Superior cultivars y, but taking into consideration soil tests. The concerns
of low specific gravity, starch, and dry matter content are more significant when fertilization passes
the N requirements, which growers are used to doing to reach maximum tuber yield.
Russet Burbank cultivar produced a higher yield than Shepody and Superior cultivars.
However, Superior cultivar have the potential to reach a high level of productivity if planted under
irrigated systems. For more precise results, regarding OM, cultivars should be planted in two
different soils, where the effect of soil properties can be examined.
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CHAPTER 3
IN-SEASON POTATO YIELD PREDICTION WITH ACTIVE OPTICAL SENSORS
3.1 ABSTRACT
Crop yield prediction is a critical measurement, especially during a time when parts of the
world are suffering with farming issues. Yield forecasting provides an alert regarding economic
trading, food production monitoring, and global food security. This research was conducted to
investigate whether active optical sensors could be utilized for potato (Solanum tuberosum L.)
yield prediction in the middle of the growing season. Three potato cultivars, Russet Burbank,
Superior, and Shepody, were planted, and six rates of Nitrogen (N) (0, 56, 112, 168, 224, and 280
kg ha-1) (ammonium sulfate was replaced by ammonium nitrate in the second year) were applied
on 11 sites in a randomized complete block design (RCBD), with four replications. Normalized
difference vegetation index (NDVI) and chlorophyll index (CI) measurements were obtained
weekly from the active optical sensors, GreenSeeker (GS) and Crop Circle (CC). A N rates of 168
kg ha-1 produced the maximum potato yield. Indices measurements obtained at stages 16 and 20
of fully expanded leaves were significantly correlated with tuber yield. Multiple regression
analysis (potato yield as a dependent variable and NDVI, and CI as independent variables) made
a significant improvement to the accuracy of the prediction model and increased the determination
coefficient. The exponential and linear models showed a better fit of the data. Soil organic matter
(OM) content increased the yield significantly but did not affect the prediction models. Stages 18
and 20 of fully expanded leaves were the most effective stages to use the sensors for yield
prediction.
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3.2 INTRODUCTION
Potato crops contribute to global food security. Potatoes supplement or replace grain-based
diets where wheat, rice, and maize availability has declined due to high cost (Camire et al., 2009).
Potatoes are inexpensive to buy and are easy to grow. The potato crop can provide a steady yield
under varying circumstances where other crops might fail (Lutaladio and Castaldi, 2009).
Flexibility in a variety of environmental circumstances and productivity potential also makes the
potato crop the foremost for food and nutrition security (Kyamanywa et al., 2011).
The volume of potato production ranked fourth in the world after rice (Oryza sativa L.),
wheat (Triticum aestivum L.), and maize (Zea mays L.), (Hirpa et al., 2010). Furthermore, it is the
most famous crop among tuber and root crops, listing first in volume production followed by
cassava (Manihot esculenta L.Crantz), sweet potato (Ipomoea Batatas L. Lam), and yam
(Dioscorea spp.) (Cromme et al., 2010). The demand for potato crop production is increasing,
especially with expanding diet diversity and a need for inexpensive foods. Potato consumption has
increased universally due to its ability to grow in a wide range of climates and its adoption by a
wide range of cultures (King and Slavin, 2013).
Consequently, the potato is the predominant vegetable for sales, production, and
consumption (Kolasa, 1993). It is the most valuable crop in developing countries, and its
production is increasing more quickly than other food crops (Scott et al., 2000). As a result, it is
an important source of rural employment, income, and food for a growing population (Guchi,
2015).
Maine is one of the top ten production areas for potatoes in the USA, although yields are
considerably lower than in the mid- and western USA (DeFauw et al., 2012). During the last ten
years, potato yields in Maine have mostly remained constant at 38 Mg.ha-1, except for 2016, when
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the yield was measured at 44 Mg.ha-1. The same rate of production for consecutive years
demonstrates the difficulty of improving the yield and quality of potatoes with traditional
fertilization practices. Therefore, new agronomic procedures are necessitated to fulfill producers
and industry-requirements (Lakesh Sharma et al., 2017). Prediction of potato crop yield prior to
harvesting can be instrumental in pre-harvest and marketing decision making.
Research confirmed that traditional practices of crop yield estimation could lead to
inadequate crop yield assessment and inaccurate crop area appraisal (Reynolds et al., 2000;
Haverkort and MacKerron, 2012). Moreover, these methods typically depend on rigorous field
data collection of crop and yield, which is a costly and time-consuming process.
Existing strategies are time-consuming and rely heavily on soil and plant analyses. Because
of the restrictions of traditional yield prediction techniques, the development of a non-destructive,
rapid, and convenient approach to estimate yields in a timely manner would aid in management
decisions and fertilizer application control. Remote sensing technologies have been utilized
extensively in agriculture for precise management, nutrition investigation, and in-season yield
prediction (Caturegli et al., 2016).
Remote sensing can be utilized to estimate temporal variation in crop dynamics, including
crop yield and spatial variability (Taylor, 1997). Visible (blue, green, and red) and near-infrared
(NIR) parts of the electromagnetic spectrum can be utalized to obtaine information on crop type,
crop health, soil moisture, N stress and crop yield (Magri et al., 2005; Hassaballa and Matori, 2011;
Abdalla et al., 2013; Hassaballa et al., 2014). Numerous studies have highlighted the potential
association between the vegetation indices provided by the remote sensing techniques and crop
yield and biomass (Rasmussen, 1997; Liu and Kogan, 2002).
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Several experiments have focused on crop growth analysis using NDVI to improve
precision agriculture (Taylor, 1997; Baez-Gonzalez et al., 2002; Baez-Gonzalez et al., 2005; Funk
and Budde, 2009). A study on plant life monitoring confirmed that NDVI is linked to the leaf area
index (LAI) and the photosynthetic activity of crops. The NDVI is an indirect method for
estimating primary productivity through its association with crop yield using the fraction of
absorbed photosynthetically active radiation (FAPAR) (Prince, 1990; Los, 1998).
Numerous plant indices based on multispectral sensors, ratio vegetation index (RVI),
perpendicular vegetation index (PVI), and the simple ratio (SR) have been confirmed to accurately
correspond to plant physiological responses, such as leaf area, plant N response and biomass
(Broge and Leblanc, 2001; Aparicio et al., 2002; Hansen and Schjoerring, 2003). Among these
indices, the NDVI via the GS active optical sensor, is efficient in predicting the in-season yield of
many crops (Raun et al., 2001; Prasad et al., 2007). NDVI measurements are used to identify the
N condition or biomass development of plants, and are sometimes also employed to conduct
nutritional monitoring of elements such as phosphorus (P) and potassium (K) in field crops
(Samborski et al., 2009; Pimstein et al., 2011). The GS hand-held optical sensor is a portable and
easy crop research and consulting instrument that provides useful data to monitor plant status
(Govaerts et al., 2007).
Erdle et al. (2011) conducted a study to compare active and passive sensing systems in
terms of their capability to identify agronomic parameters. Active sensors collect the reflected rays
from objectives that were sent from the sensor itself, while passive sensors collect the reflected
rays that originally came from sunlight (Wang and Xu, 2018). Passive satellite images and three
active sensors (including GS, CC, and an active flash sensor (AFS)), were examined to assess six
destructively determined crop parameters. The result showed that active spectral sensors are more
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flexible in terms of timeliness and illumination circumstances; however, to date, they are restricted
to a limited number of indices.
The GS sensor emits beams (by its active light source) to the plant canopy at wavelengths
of 671 ± 6 nm and 780 ± 6 nm ; the beams reflected from the canopy are then received again via
the sensor and are used to calculate the NDVI value (Kipp et al., 2014). Previous studies revealed
that the canopy reflectance to the visible beam (400–700 nm) fundamentally relied on the CI in
the palisade layer of the leaf and the NIR reflectance relied on the formation of the mesophyll cell
and the cavities between cells (Blackmer et al., 1994; Campbell and Wynne, 2011).
Olfs et al. (2005) reported that the visible reflectance was reduced while NIR reflectance
was increased due to N fertilizer supplementation. Consequently, NDVI values measured in
nutrient-deficient areas were lower than in the areas with sufficient nutrients. Additionally, the
NDVI index could discriminate between N status and plant biomass, which can be employed to
predict potential yield. In previous studies, NDVI values collected by the GS hand-held active
optical sensor were shown to predict the in-season yield of several crops, such as winter wheat,
corn, and rice (Lofton et al., 2012; Macnack et al., 2014; Cao et al., 2015). A robust relationship
was noted between NDVI measurements and the yield of winter wheat. It has been found at Feekes
stage 4 and 5 (Raun et al., 2001), while in the corn crop, the NDVI value taken by the GS at the
V8 leaf stage showed a strong relationship (R2 = 0.77) with the grain yield (Teal et al., 2006).
GreenSeeker and CC optical sensors have been successfully employed for predicting
yields of grain crops, and the preliminary and accurate estimation of yields would provide valuable
information for building decisions associated with N management (Yao et al., 2012). In Maine,
there are vast hectares planted with potato crops and unfortunately, active sensors are not
extensively used, while other states and countries are utilizing satellite images for potato yield
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prediction measurements (Newton et al., 2018). Ji et al. (2017) tested remote sensing tools for
cabbage crop yield prediction and noted that the numerous varieties and comparatively
complicated canopy architecture of cabbages resulted in uncertainty as to whether the instruments
would be adopted for in-season yield prediction.
In Louisiana, Lofton et al. (2012) encountered difficulties with the yield prediction of a
sugarcane crop due to a multi-year cropping cycle combined with a shorter growth period. A
similar issue was observed with rice crop, and the robust association was not sustained throughout
the growth stages. At the heading stage, the GS indices of rice became saturated. Consequently,
GreenSeeker could not be used for estimation for in-season yield, while at the early growth stages
(tillering stage) the rice canopy was not closed, however, the soil and water background had a
substantial impact on canopy reflectance (Kamiji et al., 2011; Cao et al., 2016).
The goal of this study was to evaluate the performance of two active optical sensors for inseason potato yield prediction. The specific objectives were to compare the performance of GS
and CC sensors in yield prediction, and evaluate the impact of chlorophyll index in improving the
prediction algorithm.
3.3 METHODS
3.3.1 Measurements
3.3.1.1 Sensor Description and Sensing Procedure
Two hand-held active optical sensors were employed for this research: the GS sensor
(Trimble Navigation Limited, Sunnyvale, CA, USA) and the CCsensor (A-470 sensor Holland
Scientific, Inc., Lincoln, NE, USA). The GS sensor measures incident and reflected beams from
the plant canopy at 660 ± 15 nm and 770 ± 15 nm, which are red and NIR bands, respectively
(Sharma et al., 2015).
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In the GS sensor, the beam is transmitted from diodes in alternating emissions at different
intervals such that the visible source pulses come out to be 1.0 ms, and the NIR diode source pulses
come out to be 1.0 ms at 40,000 Hz. Emission from a given source equals approximately 40 pulses
before pausing for the other diode to release its radiation, which is another 40 pulses (Sharma et
al., 2015). The area covered by the light is approximately 60 cm in width and 1.0 cm in length,
with the long dimension positioned vertically in the direction of walking to take readings. The field
of view is relatively steady for heights between 60 and 120 cm above the canopy of the plant; the
output from the sensors is a red NDVI and simple ratio (red/NIR) (Sharma et al., 2015).
The CC sensor concurrently emits three bands red 650 nm, red-edge 730 nm, and the NIR
760 nm. The sensor collects approximately 2 to20 readings per second, so each recorded value in
a 6.0 m length of the plot, walking at approximately 5.0 km hr-1 is the average of approximately
4000 readings. The output data of the sensor are reflectance values that allow for calculation of
vegetation indices. NDVI involves red and red-edge bands, which is different from GS (Sharma et
al., 2015).
The equation for red NDVI and red-edge NDVI are as follows:
Red NDVI =

𝑁𝑁𝑁𝑁𝑁𝑁−𝑅𝑅𝑅𝑅𝑅𝑅

(Eq. 3.1)

𝑁𝑁𝑁𝑁𝑁𝑁+𝑅𝑅𝑅𝑅𝑅𝑅

Red Edge NDVI =

𝑁𝑁𝑁𝑁𝑁𝑁−𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

(Eq. 3.2)

𝑁𝑁𝑁𝑁𝑁𝑁+𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

GS emits two bands: red (660 nm) and NIR (774 nm),
NDVI =

(774 𝑛𝑛𝑛𝑛−660 𝑛𝑛𝑛𝑛)

(Eq. 3.3)

(774 𝑛𝑛𝑚𝑚+660 𝑛𝑛𝑛𝑛)

CC emits three bands: red (670 nm), red-edge (730 nm), and NIR (760 nm):
NDVI =

(760 𝑛𝑛𝑛𝑛−670 𝑛𝑛𝑛𝑛)

(Eq. 3.4)

(760 𝑛𝑛𝑛𝑛−670 𝑛𝑛𝑛𝑛)

Or red-edge NDVI
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NDVI =

(760 𝑛𝑛𝑛𝑛−730 𝑛𝑛𝑛𝑛)

(Eq. 3.5)

(760 𝑛𝑛𝑛𝑛+730 𝑛𝑛𝑛𝑛)

The GS and CC sensors were used weekly during the growing season, once the plants
completed the fourth leaf (4, 8, 10, 12, 16, 18, and 20). Readings were obtained at 60 cm over the
top of the potato plant from the middle row of each plot. Approximately 40 to 60 readings were
obtained from every single experimental unit. In-house macro programs for Visual Basic within
Excel were used to calculate the mean of the sensing readings data (Franzen, 2012). Due to small
differences in the growth stages between sites, NDVI data were normalized using the INSEY (InSeason Estimate of Yield) approach. The INSEY was particularly useful when combining NDVI
data from different site-years. The INSEY (Raun et al., 2001) was computed by dividing the NDVI
data by the growing degree days (GDD) which started from the planting date to the date of taking
sensor readings data (United States Climate Data, 2018) used to calculate weather, equation (3.6).
GDD =
Where,

(𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇+𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)
2

-C

(Eq. 3.6)

Tmax and Tmin represent the daily maximum and minimum temperature, C represents the base
growing temperature for potato, which is 10 ºC.
Sensing was conducted by placing the GS and CC sensors at an approximate distance of
60 cm above the plant canopy, resulting in a similar magnitude of reflectance at each site and each
growth stage reading (Franzen, 2012).
3.3.1.2 Chlorophyll index
Leaf chlorophyll content, as an index, was measured using a CC active optical sensor. The
CC sensor depends on red-edge and NIR wavelength bands to calculate the index which are
sensitive to a wide range of chlorophylls (Equation 3.7) (Gitelson et al., 2005).
ClRE =(𝑁𝑁𝑁𝑁𝑁𝑁 ⁄𝑅𝑅𝑅𝑅 ) -1

(Eq. 3.7)
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Where,
NIR represents near-infrared wavelength band 850 nm,
RE represents red-edge wavelength band 730 nm.
3.3.2 Data Analysis
A correlation analysis via IBM-SPSS v.25 (SPSS-IBM-Corp., 2017) was conducted
between total tuber yield and sensor data to understand how leaf chlorophyll content is associated
with the yield variation within different potato cultivars. Regression analysis was used to
determine the relationship between potato yield data as a dependent variable and sensor data as
independent variables. Multiple regressions were conducted between potato yield data and
sensors’ data, NDVI, and CI to enhance the determination coefficient (R2) of the yield prediction
algorithm. The CI data were utilized with each group (≥ 30 g kg-1 of soil OM, ≤ 30 g kg-1 of soil
OM, and combined sites), and also with each type of sensor data (GS-red, CC-red, and CC-rededge).
To avoid multicollinearity between independent variables, variance inflation factor (VIF)
was used as an index to examine the association between independent variables. A VIF value of ≤
5.0 is the recommended threshold value (Marquaridt, 1970; Rogerson, 2001), and values greater
than 5.0 would negatively affect the results associated with a multiple regression analysis.
3.4 RESULTS
3.4.1 Yield Responses to Nitrogen Rates
There was a noticeable impact of OM content on tuber yield production, where sites with
≥ 30 g kg-1 of soil OM content revealed a significant disparity with sites that had ≤ 30 g kg-1 of
OM (Figure 2.1). Hence, all the sites were classified into two groups, ≤ 30 and ≥ 30 g kg-1 of soil
OM content. The sites NS-1, NS-2, FV, CA1, CA2, CA3, LM, and WD were classified as ≥ 30 g

93

kg-1 of OM, while AF1, AF2, and AF3 were classified as ≤ 30 g kg-1 OM. Shepody and Superior
potato cultivars had only one site for each one that was ≤ 30 g kg-1 of OM.
Potato yields at different N application rates are shown in Figure 3.1, which represents the
relationship between N rates and potato yields for the sites that had ≤ 30 g kg-1of soil OM, ≥ 30 g
kg-1 of soil OM, and an average of all sites combined. The potato yield improved significantly with
N fertilizer applications at all sites (P< 0.05). Compared with the control treatment (0 kg ha-1 of
N), yields under 56, 112, and 168 kg ha-1 treatments were increased by 10.8%, 20.7%, and 18.5%
respectively for 56 kg ha-1 of N; 13.3%, 28.8%, and 25.4%, respectively for 112 kg ha-1 of N, and
21.7%, 42.7%, and 37.7% respectively for 168 kg ha-1 of N. For all sites, potato yields increased
as N rate increased from 0 kg ha-1 to 168 kg ha-1. However, there was no significant increase
witnessed by applying 224 kg ha-1 of N (P> 0.05), which implied that the 168 kg ha-1 of N was the
maximum economic rate for potato production.

(c)

Potato yield (Mg ha-1)

45
40
(b)
(b)

35
30
25

(a)(a)
(ab)
(a)

(c)

(b)
(b)
(b)

(ab)

(c)
(c)

(b)

(cb)
(cb)

(ab)

20
15
10
5
0

56

<30 g kg^-1 of OM

112
168
N-Rates (kg ha-1)
>30 g kg^-1 of OM

224

280

All sites combined

Figure 3.1. The response of potato yield to different applications of N fertilizer rates, P<
0.05. Adopted from (Ahmed et al., 2020).
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3.4.2 Relationships between Normalized Difference Vegetation Index Measurements and
Potato Yields
The Pearson correlation analysis results of INSEY measurements and yield of potatoes are
shown in (Table 3.1). The correlation coefficient (r) values exhibited that INSEY measurements
had a significant relationship with the potato yield in all sites only after the mid growing season,
16th and 20th leaf growth stage (P< 0.01). However, correlation coefficient values were relatively
low at the early growth stages (data not shown). The highest value of correlation coefficient in the
sites with ≤ 30 g kg-1 of soil OM content was achieved at the 16th leaf stage, while the sites that
had ≥ 30 g kg-1 of soil OM content and all sites combined exhibited the highest value at the 20th
leaf stage. As a comparison between data obtained from different sensors, the INSEY data derived
from the red-edge band exhibited the highest correlation with potato yield data in all sites.
However, INSEY derived from the GS and CC sensors using the red band showed a relatively
similar association with the tuber yield. Still, the correlation was relatively low in comparison to
the red-edge band.

All sites
combined

≥ 30 g kg-1 of
OM

≤ 30 g kg-1 of
OM

Table 3.1. Pearson correlation and regression analysis between the sensors measurements
and potato yield.
Time of sensing

Leaf
stage

July 25th

16

Aug 1st

20

July 25th

16

Aug 1st

20

July 25th

16

Aug 1st

20

Sensor type

r

R2

GS-red-INSEY
CC-red-INSEY
CC-red-edge-INSEY
GS-red-INSEY
CC-red-INSEY
CC-red-edge-INSEY
GS-red-INSEY
CC-red-INSEY
CC-red-edge-INSEY
GS-red-INSEY
CC-red-INSEY
CC-red-edge-INSEY
GS-red-INSEY
CC-red-INSEY
CC-red-edge-INSEY
GS-red-INSEY
CC-red-INSEY
CC-red-edge-INSEY

0.67**
0.61**
0.69**
0.61**
0.57**
0.64**
0.51**
0.47**
0.60**
0.44**
0.49**
0.60**
0.31**
0.35**
0.48**
0.53**
0.50**
0.62**

0.45**L
0.38** Exp
0.48**L
0.38**L
0.32**L
0.41**L
0.26** P
0.22** Exp
0.36** Exp
0.25**Exp
0.27** Exp
0.38** Exp
0.12** Exp
0.15** Exp
0.28** Exp
0.28** Exp
0.25** Exp
0.38** Exp
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GS: GreenSeeker active sensor, CC: Crop circle active sensor, red: red wavelength, red-edge: rededge wavelength, INSEY: (NDVI/growing degree days from planting date), r: correlation
coefficient, R2: coefficient of determination,

**

: significant correlation at 0.01 probability level,

Exp: exponential model, P: power model, L: linear model for the best fit.
Regression analysis revealed that each of the 16th and 20th leaf growth stage showed the
highest values of determination coefficient, R2, to explain the relationship between potato yield
and sensor data (Table 3.2). The exponential model showed the best fit for the relationship between
potato yield and sensor data (INSEY), especially for the sites characterized by ≥ 30 g kg-1 of soil
OM content and the combined sites. However, the linear model showed the best fit for the
relationship in the sites characterized by ≤ 30 g kg-1 of soil OM content. The model showed that
INSEY data before July 25th, 16th leaf growth stage, exhibited a very low R2 with potato yield.
Therefore, the regression analysis could not make an adequate forecast of in-season yield with
NDVI readings of potato yield before July 25th. The sites of ≥ 30 g kg-1 of soil OM and all sites
combined showed the highest R2 during the 20th leaf growth stage, while the 16th leaf growth stage
was the best for sites with ≤ 30 g kg-1 of soil OM. In all the sites, the highest R2 was achieved using
the red-edge band at the 16th and 20th leaf growth stage in comparison with INSEY values derived
from the red band.
3.4.3 Predicting Potato Yields Using Measured Normalized Difference Vegetation Index at
the Optimum Time
The results summarized in the regression analyses exhibited that the 16th and 20th leaf
growth stages were the most appropriate times for yield prediction of potatoes. The fitting curves
of measured INSEY values and potato yield at these stages were most significantly associated
using the exponential and linear function.
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3.4.3.1 Sites with ≤ 30 g kg-1 of Organic Matter
The measured INSEY values could explain the yield variation and predict the in-season
yield of potatoes with R2 values 0.38, 0.45, and 0.48 at p < 0.01 for INSEY that were derived from
CC-red, GS-red, and CC-red-edge bands, respectively. The INSEY values at the 16th leaf growth
stage exhibited the highest values of R2, and were approximately 15.7%, 16.9%, and 17.1% higher
than what was obtained at the 20th leaf growth stage using CC-red-edge, GS-red, and CC-red,
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respectively (Figure 3.2 a, b, and c).
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(b) y = 564.02x - 21.991
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R² = 0.45**
35
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GS-Red-INSEY

y = 556.92x - 19.737
R² = 0.38**

0.07

0.08

0.09

0.10

CC-Red-INSEY
Figure 3.2. The relationship between potato yield in the sites with OM content ≤ 30 g kg-1
and sensors data, INSEY, that (a) derived from CC-red-edge band at 16th leaf growth stage,
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(b) obtained from GS-red band at 16th leaf growth stage, and (c) obtained from CC-red band
at 16th leaf stage. ** denotes P<0.01 level.
3.4.3.2 Sites with ≥ 30 g kg-1 of Organic Matter
The measured INSEY values could explain the yield variation and predict the in-season
yield of potatoes with R2 values of 0.25, 0.27, and 0.36 at p < 0.01 for INSEY that were derived
from GS-red, CC-red, and CC-red-edge bands respectively. The INSEY values at the 20th leaf
growth stage exhibited the highest value of R2, and were approximately 3.9%, 20.4%, and 5.4%
higher than what was obtained at the 16th leaf growth stage using GS-red, CC-red, and CC-red-
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edge, respectively (Figure 3.3 a, b, and c)
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Figure 3.3. The relationship between potato yield in the sites with OM content ≥ 30 g kg-1
and sensors data, INSEY, that (a) derived from GS-red band at 20th leaf growth stage, (b)
obtained from CC-red band at 20th leaf growth stage, and (c) obtained from CC-red-edge
band at 20th leaf growth stage. ** denotes P<0.01 level.
3.4.3.3 All Sites Combined
The results of the regression analysis between potato yield and sensor data for all sites
combined showed there was a significant association that could be utilized to predict the in-season
potato yield. The R2 values were 0.25, 0.28, and 0.38 at p < 0.01 for INSEY values that were
derived from CC-red, GS-red, and CC-red-edge bands, respectively. The INSEY values at the 20th
leaf growth stage exhibited the highest values of R2 and were approximately 50%, 80%, and 30%
higher than what was obtained at the 16th leaf growth stage using CC-red, GS-red, and CC-red-
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Figure 3.4. The relationship between potato yield in the sites with all sites combined and
sensors data derived from (a) CC-red band at 20th leaf growth stage, (b) GS-red band at 20th
leaf growth stage, and (c) CC-red-edge band at 20th leaf growth stage. ** denotes P<0.01
level.
3.4.4 Chlorophyll Measurements to Predict Yield
Pearson correlation analysis showed that CI measurements had a significant relationship
with the potato yield in all sites at the 16th and 20th leaf growth stage (P< 0.01). However, the r
values were relatively lower in the early growth stages. The highest rvalue (0.48) at the sites with
≤ 30 g kg-1 of soil OM content was achieved at the 16th leaf growth stage (Figure 3.5 a) while the
sites that had ≥ 30 g kg-1 of soil OM content showed the highest r value (0.38) at the 20th leaf
growth stage (Figure 3.5 b). In the case of all sites combined, a significant correlation was observed
at the 20th leaf growth stage (r = 0.41) (Figure 3.5 c).
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The regression analysis between potato yield as a dependent variable and CI as an
independent variable showed that there was an applicable relationship that could be utilized for inseason yield prediction measurements. The significant linear relationship between potato yield and
CI was more significant than the yield prediction model based on NDVI measurements. The
exponential model showed the best fit for the relationship between potato yield and CI, especially
for the sites characterized by ≥ 30 g kg-1 of soil OM content and also the combined sites. However,
the linear model showed the best fit for the relationship in the sites characterized by ≤ 30 g kg-1 of
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Figure 3.5. The relationship between potato yield and chlorophyll index in the site (a) with ≤
30 g kg-1 of soil OM at 16th leaf stage, (b) with OM content ≥ 30 g kg-1 of soil OM at 20th leaf
stage, (c) all sites combined at 20th leaf stage. ** denotes P<0.01 level.
3.4.5 Chlorophyll Measurements to Enhance Yield Prediction Efficiency
The CI and NDVI measurements as independent variables enhanced the algorithm of
potato yield prediction. Multiple regression analysis results showed that at the 16th and 20th leaf
growth stages, there were improvements in the R2, whether at the classified (≥ 30 g kg-1, ≤ 30 g
kg-1 of soil OM) or combined sites. However, the sites with ≤ 30 g kg-1 of OM were the only sites
that did not show a significant relationship at the 20th of leaf growth stage, where R2 improved up
to 0.54**, 0.52**, and 0.50** when using GS-red, CC-red-edge, and CC-red, respectively, and VIF
2.0, 1.0, and 1.0 respectively (Figure 3.6 a, b, and c).
In the sites with ≥ 30 g kg-1 of OM, CI improved the R2 up to 0.38** and 0.38** and VIF up
to 1.0 and 1.0 when using GS-red and CC-red, respectively, but there was no improvement with
CC-red-edge (Figure 3.6 d and e). At the all combined sites, CI improved the R2 for GS-red, CCred, and C-red-edge by 0.41**, 0.41**, and 0.43** respectively; VIF values were 4.0, 1.0, and 1.0,
respectively (Figure 3.6 f, g, and h).
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Figure 3.6. The multiple regression relationship between potato yield as the dependent
variable with CI and INSEY as independent variables in the (a) sites ≤ 30 g kg-1 of OM using
GS-red, (b) sites ≤ 30 g kg-1 of OM using CC-red-edge, (c) sites ≤ 30 g kg-1 of OM using CCred, (d) sites ≥ 30 g kg-1 of OM using GS-red, (E) sites ≥ 30 g kg-1 of OM using CC-red, (f)
combined sites using GS-red, (g) combined sites using CC-red, and (h) combined sites using
CC-red-edge. ** denotes P<0.01 level.
3.4.6 Model Validation
To validate the yield prediction models, a correlation analysis was conducted between
actual tuber yield and predicted yield for each sensor used (CC and GS). The results of the
correlation analysis were positive and significant, implying that the relationship between the actual
yield and predicted yield for all the models was strong (Table 3.2). Each model predicted the yield
under field conditions despite uncertain environmental conditions such as pest damage, high
temperature, and water stress. The correlation values confirm that the capability of the sensor was
strong with regard to potato yield prediction, particularly red-edge wavelength that excelled over
all the wavelengths in comparison to red wavelength. In general, the correlation coefficient showed
higher values with lower values of root mean square error (RMSE) when using the CC sensor with
each wavelength band (red and red-edge) in comparison with the GS sensor, which showed lower
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values of the correlation coefficient. However, multiple regression was different from simple
regression, where the correlation coefficient values were high when using all sensors with
insignificant differences between them.
Table 3.2. Coefficient of correlation and root mean square error for the model validation,
the relation between actual and predicted potato yield.
Sites
≤ 30 g kg-1 OM
≤ 30 g kg-1 OM
≤ 30 g kg-1 OM
≤ 30 g kg-1 OM
≤ 30 g kg-1 OM
≤ 30 g kg-1 OM
≥ 30 g kg-1 OM
≥ 30 g kg-1 OM
≥ 30 g kg-1 OM
≥ 30 g kg-1 OM
≥ 30 g kg-1 OM
≥ 30 g kg-1 OM
All-combined
All-combined
All-combined
All-combined
All-combined

Plant Index
GS-red-INSEY
CC-red-INSEY
CC-red-edge-INSEY
GS-red+CI-INSEY
CC-red+CI-INSEY
CC-red-edge-INSEY+CI
GS-red-INSEY
CC-red-INSEY
CC-red-edge-INSEY
GS-red+CI-INSEY
CC-red+CI-INSEY
CC-red-edge-INSEY+CI
CC-red-INSEY
CC-red-edge-INSEY
GS-red-INSEY+CI
CC-red-INSEY+CI
CC-red-edge-INSEY+CI

Monitoring Stage

R

RMSE

16th
16th
16th
16th
16th
16th
20th
20th
20th
20th
20th
20th
20th
20th
20th
20th
20th

0.67**
0.61**
0.69**
0.74**
0.71**
0.72**
0.44**
0.49**
0.60**
0.62**
0.62**
0.61**
0.49**
0.61**
0.64**
0.66**
0.64**

4.35
4.64
4.23
3.88
4.07
3.99
8.32
8.11
7.43
4.72
4.67
4.66
8.20
7.46
3.33
3.22
3.31

GS: GreenSeeker active sensor, CC: Crop circle active sensor, red: red wavelength, red-edge: rededge wavelength, CI: chlorophyll index, INSEY: (NDVI/growing degree days from planting date),
r: correlation coefficienet, **: denotes significance at 0.01 probability level, RMSE: root mean
square error.
3.5 DISCUSSION
Potato yield responded to the different N rates significantly. There was a clear difference
between the treatments of 0 kg ha-1 of N and the series of N rates at all sites. Nitrogen treatments
of 0 kg ha-1 showed the lowest yield in comparison with other N rates. Potato yield increased with
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increasing N rates up to 168 kg ha-1, after which potato productivity decreased gradually regardless
of a continual supply of N. This is consistent with the findings of other studies which suggested
that the over-application of N fertilizer would not incearese yield, but that it couldlead to high N
losses (Ju et al., 2009; Ju et al., 2011). A reduction in yield observed in all groups (≤ 30 g kg-1 of
soil OM, ≥ 30 g kg-1 of soil OM, and all combined sites) could be a result of delayed tuber growth
and increased vegetative growth (leaves and stems) in comparison to tuber growth.
The excessive amount of N applied encouraged a dense vegetative growth, which in turn
reduced the amount of carbohydrates that were expected to be available for uptake by the tubers.
As a result, photosynthesis supported the leaves of the plant more than the tubers leading to
reduced tuber quality (Porter and Sisson, 1989; Ahmed et al., 2009). Therefore, timely prediction
of yield in the growing season would help to manage the accurate application of N fertilizer and
achieve maximum economic yields.
In this study, Pearson correlation analysis showed that NDVI measurements had a
significant positive relationship with the potato yield (Table 3.2) at the 16th and 20th leaf growth
stages, indicating that the active sensors had great potential to be utilized for potato yield
prediction. At the early stage (before July), the temperature was relatively low, and the growth rate
was minimal. Consequently, nutrient uptake was relatively low, and this stage did not fully develop
potato biomass. After the middle stage of growth (late July), the growth of potatoes accelerated
significantly, and it was the appropriate stage for the collection of reliable sensing data. However,
at a later stage (mid to late August) close to maturity, the relationship seemed stable but weak, and
the potato plant started wilting and turneda yellowish color. Thus, sensing time is crucial for
predicting potato yield.

106

Linear and non-linear regression analyses were utilized in past studies to predict crop yields
in-season (Raun et al., 2005; Cao et al., 2015). In this study, the best fit of the curves was observed
with the linear and exponential equations. The linear model represented the curves in the data
generated from sites with ≤ 30 g kg-1 of soil OM, while sites with ≥ 30 g kg-1 of OM were
represented by the exponential model, Xu et al. (2012) mathematically defined the linear function
as one that is increasing at a constant rate as x increases, while the exponential function is one that
increases at a rate that is always proportional to the rate of the function. Therefore, soils with low
OM content depend totally on N fertilizer applications and, any N deficiency might have an
innediate effect on plant growth . Soils with high OM content can support plant growth even if
there is a deficiency or short stress in the soil nutrients. Besides, a similar change pattern was
observed with the R2 values during the growing seasons. The difference in the trend of leaf
chlorophyll index as a function of sampling date during the growing season agrees with the
observations of (Botha et al., 2006). This difference is due to canopy enlargement and the
partitioning of N between the canopy and the tubers (Millard and Marshall, 1986).
The apparent decrease in the canopy N content, accompanying the rapid onset of tuber
bulking, may describe the low chlorophyll content of the leaves. This decrease was not observed
in the sites ≥ 30 g kg-1 of OM at the 20th leaf stage, possibly because the high content of OM
supplied more nutrients which extended the growing season compared to ≤ 30 g kg-1 of OM which
exhibited an association at the 16th leaf growth stage more than 20th leaf growth stage.
The association between potato yield and each of INSEY and CI that derived from NDVI
red-edge wavelength is more than INSEY derived from NDVI-red wavelength, which attributed
to the chlorophyll saturation condition at that growth stage. The sensor light penetrates the leaf
deeply when using the red-edge wavelength compared to the red wavelength. During the
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photosynthesis process, approximately 80% of incident light absorption was observed between
400 and 700 nm (Moss and Loomis, 1952). Thus, light in the red-edge spectra is more sensitive to
changes in chlorophyll content than other wavelength bands (A. Gitelson et al., 2003). The red
band can measure plant biomass, but it is sensitive to a low range of chlorophyll content (3-5 µg
cm-2), while the red-edge band is sensitive to a wide range of chlorophyll (0.3-45 µg cm-2)
(Gitelson and Merzlyak, 1997). This property helped to overcome a saturation problem that
happens at the end of the growing season, where there is a considerable density of plant biomass.
3.6 CONCLUSION
Nitrogen treatments of 168 kg ha-1 increased the average fresh tuber production to
maximum yield. Excessive N ( more than 168 kg ha-1), did not significantly increase tuber yield.
Soil OM played a significant role in improving potato yield due to valuable benefits that support
soil chemical, physical, and biological characteristics.
Soil OM content did not influence prediction calculations and the N rate required for
maximum potato yield. Still, there was a considerable difference in potato yield in comparison to
sites with ≤ 30 g kg-1 of OM. The results of the correlation analysis between potato yield and
remote sensing data during the growing season indicated that the 16th and 20th leaf growth stages
are the optimum time to use these indices for yield prediction. Chlorophyll index either
individually, or jointly with other spectral vegetation indices (INSEY) enhanced the determination
coefficient of the prediction model better than using the INSEY data separately. The INSEY
obtained from the red-edge wavelength, compared to the INSEY that was obtained from the red
band, was shown to be the most effective method to overcome the saturation condition caused by
heavy canopy density. Further research is required to generalize the results for other varieties of
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potato. Additionally, furture research should be conducte under irrigated systems to study the
effect of soil moisture on yield and chlorophyll content.
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CHAPTER 4
DEVELOPING NITROGEN FERTILIZER RECOMMENDATIONS FOR POTATO
CROP USING ACTIVE OPTICAL SENSORS
4.1. ABSTRACT
The use of active optical sensors to measure nitrogen (N) application rates in crop
production has received increasing acceptance by growers in the past decade; nevertheless, the
technology has yet to adopt for the potato crop (Solanum tuberosum L.) production. This research
was conducted in Maine to determine whether active optical sensors can be utilized to generate an
algorithm for N recommendation for the potato crop. Three potato cultivars, Russet Burbank,
Superior, and Shepody, were planted, and six rates of N (0, 56, 112, 168, 224, and 280 kg ha-1),
ammonium sulfate, which replaced by ammonium nitrate in the second year, were applied on
eleven sites in a randomized complete block design with four replications. All sites depend on the
rainfed system. Normalized difference vegetation index (NDVI) measurements were obtained
weekly from the active optical sensors, GreenSeeker (GS) and Crop Circe (CC). Sensors
measurements obtained at the 20th of the leaf growth stage were significantly correlated
(exponential model) with tuber yield. Conventionally, the rate of 168 kg ha-1 produced the
maximum potato tuber yield. Sites with ≥ 30 g kg-1 of soil organic matter (OM) content produced
yield 39.45% higher than the sites with ≤ 30 g kg-1 of OM. Nitrogen rate calculated based on inseason sensors reading is saving approximately 12-14% from the total N rate that growers used to
apply, the conventional procedure. Studying cultivars separately in soils ≥ 30 g kg-1 and ≤ 30 g kg1

of OM can improve the algorithm accurately with considering to potato cultivar and soil OM

content.
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4.2 INTRODUCTION
It has been an established fact that excessive application of N fertilizer to the potato crop
causes low tuber production due to excessive vegetative growth, lower tuber quality (low specific
gravity, large size with hollow heart, delay in maturity, etc.), and lower N use efficiency (NUE)
that causes the leaching of a large part of N to groundwater and leads to a high risk of
environmental contamination of the atmosphere by nitrous oxides and water by nitrate, etc.
(Errebhi et al., 1998; Alva, 2004). An N deficiency, in contrast, can considerably decrease crop
yield. Furthermore, the potato production system is well known for low NUE, varying between 50
and 60% (Tyler et al., 1983; Dilz, 1988), and this could be due to shallow and poorly developed
root systems. Typically, loss of N occurs when mineral N (NH4+ and NO3−) is present in the soil,
in amounts higher than plant requirements (Johnson and Raun, 1995). Consequently, inadequate
synchronization between soil N supply and crop demand is one of the main reasons for low N
fertilizer use efficiency (Raun and Johnson, 1999; Cassman et al., 2002; Thind et al., 2011; Ali et
al., 2015).
Potato growers in developed countries are under immense pressure to keep profitability
against new environmental restrictions, such as the commitment to the EU nitrate directive
(91/676/EEC) and a recent increment in N fertilizer prices, to motivate them for precise input
management. Nevertheless, having adequate food supplies at a global level is a challenge that
cannot be achieved without fertilizer application (Tilman et al., 2002). In such a context, it is a
necessity to develop instruments and strategies for potato growers that could help them to
determine “the right N fertilizer rate at the right time and place.” It is generally acknowledged that
a temporary field-specific N recommendation for potato at planting time can never be accurate.
Furthermore, it is difficult to predict crop N requirements during the growing season (Vos and
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MacKerron, 2000) due to numerous predictable or unpredictable factors, such as chemical,
physical and biological soil characteristics, soil organic matter, cultural practices, crop maturity
time, and weather conditions.
Nitrogen fertilization recommendation with estimated requirements during crop growing
seasons can largely aid in matching crop N requirement times and rates with supplies. Accordingly,
N fertilizer efficiency can be improved (Vos and MacKerron, 2000; Alva, 2004). Precision
agriculture technology allows growers to apply the right quantity of fertilizer in real-time based on
the crop’s current growth status without negatively affecting the final yield. A modeling strategy
(N recommendation at field-specific scale) of crop N status monitoring can lead to helpful
decision-support methods to enhance N fertilizer use efficiency. It has been found that the
approach of using crop N status assessment to determine crop demands is more reliable than
predicting the available soil N supply (Sharma, 2014). Plants are often considered a good indicator
(mirror) of growing conditions (Sharma and Bali, 2017).
Most of the available crop monitoring techniques depend on the magnitudes of reflected light
above the crop canopy (Sharma et al., 2015). A remote sensing approach can be performed at
several spatial scales: ground-based, airborne, or space-borne (Tremblay, 2004b; Jongschaap,
2006). All these scales focus on measuring plant canopy formation factors, such as the leaf area
index (LAI) and leaf chlorophyll, among others, with well-established science that these factors
are strongly related to each other as well as plant N status (Lakesh Sharma et al., 2017). The most
common precision agriculture tools used for grain crops, such as corn (Zea mays L.), wheat
(Triticum aestivum L.), and sunflower (Helianthus annuus L.), among others, are ground-based
active optical sensors such as GS, Cropscan, N-sensor, and Holland CC (Bu et al., 2016). The GS
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and CC are the most prevalent ground-based sensors in North America for research and
commercial use.
GreenSeeker (GS) has been widely used for developing N recommendations (Lakesh Sharma
et al., 2017), and with which an algorithm for wheat crop increased nitrogen use efficiency by
more than 15% (Govender et al., 2007). In another study in Oklahoma, the coefficient of variation
(CV) from NDVI data was used to evaluate plant density in wheat (Bronson et al., 2003). Similar
techniques used in wheat and rice (Oryza sativa L.) grown in Northwest India and attained higher
NUE compared with the conventional methods (Franzen et al., 2014; Lakesh Sharma et al., 2017).
The CV was further used to adjust the algorithm in wheat (Felton et al., 2002). Another algorithm
was developed for rice using in-season N uptake, which not only increased the NUE but yields as
well (Blackmer et al., 1996).
Crop characteristics have been used in various methods to calculate optimum N requirements
(Franzen et al., 2014). Several other research studies have used plant biomass (Felton et al., 2002;
Bronson et al., 2003) and plant N content (Blackmer and Schepers, 1996; Bronson et al., 2003) to
determine N requirements. Spectral measurements have also been used to determine yield potential
(YP0) (Raun et al., 2001; Teal et al., 2006). Yield potential is a function of the growing
environment (Johnson, 1991) and is an important part of fertilizer N calculation methods. The YP0
has been predicted in-season utilizing optical sensors (Sharma et al., 2016). In addition, the NDVI
has been used to determine in-season estimated yield (INSEY) (Sharma et al., 2016), which is a
measurement of biomass produced per day as NDVI; (Large, 1954) divided by number of growing
degree days (GDD), as show in equation (1)
GDD = [

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
2

− 4.4֯ 𝐶𝐶]

(1)
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A few studies have utilized active optical sensors to predict leaf N content (Herrmann et al.,
2010; Basyouni and Dunn, 2013) and yield (Lakesh Sharma et al., 2017); however, none of those
studies developed an algorithm for N recommendations for potato crops. Therefore, the purpose
of this study was to use the data of active optical sensors (NDVI) to develop N recommendation
and compare it with what potato growers commonly applied in Maine, USA.
4.3 METHODS
4.3.1 Measurements
4.3.1.1 Active Sensors and Data Collection
Active optical sensors (GS and CC) were used to collect NDVI data weekly, where sensing
started once plants completed the fourth leaf. The NDVI data has been normalized by calculating
in-season yield estimation (INSEY) and then combined according to leaves number as growth
stage, which has counted during each date of sensing. Data collection was continued until
completing the twentieth leaf stage. After that, plants start laying down, and greenness declines,
preparing to enter the maturing stage. Table 4.1 shows how sensors provided NDVI data during
walk-throughs of plant rows; due to the long Excel columns, the table has been truncated to show
the beginning and end of the data series. Table 4.1 a shows the beginning of collecting data, while
(Table 4.1 b) with a marked row represents a new data collection for the next plot in the RCBD.

114

Table 4.1. Data (NDVI) collected from active optical sensor GS, a) when starting a new plot,
b) copleting the first plot and begingning the next one, Column C shows that there are 62
readings for the first plot.
B

C

D

B

C

D

Time

Plot

Count

NDVI

440510

27

32

0.854

437010

27

1

0.689

440610

27

33

0.828

437110

27

2

0.798

440710

27

34

0.815

437210

27

3

0.829

440810

27

35

0.864

437310

27

4

0.832

440910

27

36

0.847

437410

27

5

0.852

441010

27

37

0.856

437510

27

6

0.722

441110

27

38

0.868

437610

27

7

0.828

441210

27

39

0.875

437710

27

8

0.847

441310

27

40

0.837

437810

27

9

0.851

441410

27

41

0.839

437910

27

10

0.871

441510

27

42

0.853

438010

27

11

0.855

441610

27

43

0.842

438110

27

12

0.871

441710

27

44

0.795

438210

27

13

0.864

441810

27

45

0.836

438310

27

14

0.842

441910

27

46

0.769

438410

27

15

0.838

442010

27

47

0.43

438510

27

16

0.856

442110

27

48

0.256

438610

27

17

0.866

442210

27

49

0.258

438710

27

18

0.865

442310

27

50

0.256

438810

27

19

0.881

442410

27

51

0.456

438910

27

20

0.878

442510

27

52

0.514

439010

27

21

0.856

442610

27

53

0.589

439110

27

22

0.878

442710

27

54

0.682

439210

27

23

0.872

442810

27

55

0.764

439310

27

24

0.876

442910

27

56

0.668

439410

27

25

0.861

443010

27

57

0.767

439510

27

26

0.811

443110

27

58

0.689

439610

27

27

0.874

444610

27

59

0.874

439710

27

28

0.845

444710

28

60

0.821

439810

27

29

0.828

444810

28

61

0.878

439910

27

30

0.809

444910

28

62

0.787

440010

27

31

0.815

445010

28

1

0.846

440110

27

32

0.854

445110

28

2

0.847

440210

27

33

0.828

445210

28

3

0.846

440310

27

34

0.809

445310

28

4

0.835

440410

27

35

0.815

445410

28

5

0.819

(a) A

(b) A
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4.3.1.2 Sensor Description and Sensing Procedure
Two handheld active optical sensors, GS (Trimble Navigation Limited, Sunnyvale, CA, USA)
and CC (A-470 sensor Holland Scientific, Inc., Lincoln, NE, USA) were utilized for this research.
The GS sensor measures incident and reflected beams from the plant canopy at a wavelength in
the ranges of 660 ± 15 nm (R) and 770 ± 15 nm (NIR), respectively (Sharma et al., 2015).
In GreenSeeker, a beam is transmitted from electric diodes at different times, such that the
visible source pulses for 1.0 ms, and then the NIR diode source pulses for 1.0 ms at 40,000 Hz.
The light covered area is about 60 cm in width by 1.0 cm in length, with a long dimension
positioned vertically to the direction of running.
The CC sensor emits three bands; R 650 nm, red-edge 730 nm, and NIR 760 nm. The sensor
collects about 2–20 readings per second, so with each recorded value in a 6.0 m plot length, while
walking about 5.0 km·hr-1, there is an average of about 4000 readings. Sensor outputs are
reflectance values that allow the calculation of vegetation indices The NDVI involves R and rededge bands, which is different from the G(Sharma et al., 2015).
The equation for red-NDVI and red-edge NDVI are as follows:
Red NDVI =

𝑁𝑁𝑁𝑁𝑁𝑁−𝑅𝑅𝑅𝑅𝑅𝑅

(2)

𝑁𝑁𝑁𝑁𝑁𝑁+𝑅𝑅𝑅𝑅𝑅𝑅

Red Edge NDVI =

𝑁𝑁𝑁𝑁𝑁𝑁−𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

(3)

𝑁𝑁𝑁𝑁𝑁𝑁+𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

The GS emits two bands: red (660 nm) and NIR (774 nm), with the equation as follows:
NDVI =

(774 𝑛𝑛𝑛𝑛−660 𝑛𝑛𝑛𝑛)

(4)

(774 𝑛𝑛𝑛𝑛+660 𝑛𝑛𝑛𝑛)

CC emits three bands: R (670 nm), red-edge (730 nm), and NIR (760 nm):
NDVI =

(760 𝑛𝑛𝑛𝑛−670 𝑛𝑛𝑛𝑛)

(5)

(760 𝑛𝑛𝑛𝑛−670 𝑛𝑛𝑛𝑛)

or red edge NDVI
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NDVI =

(760 𝑛𝑛𝑛𝑛−730 𝑛𝑛𝑛𝑛)

(6)

(760 𝑛𝑛𝑛𝑛+730 𝑛𝑛𝑛𝑛)

Both sensors, GS and CC, were used weekly during the growing season, which started
immediately once plants completed the fourth leaf, (4, 8, 10, 12, 16, and 20 ). Readings were
obtained 60 cm over the top of a potato plant from the middle row of each plot. About 40–60
readings were obtained from every single experimental unit. In-house macro programs for Visual
Basic and Excel were used to calculate the means of sensing-data(Franzen, 2012).
Due to the small differences in the growth stages between sites, NDVI data were normalized
using the INSEY approach. The in-season estimate of yield (INSEY) could be particularly useful
when combining NDVI data from different site-years. The in-season estimate of yield (INSEY)
(Raun et al., 2001) was computed by dividing NDVI data with the GDD that started from the
planting date to the date of taking sensor readings (United States Climate Data, 2018) to calculate
weather data, as shown in equation (7).
GDD = [

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 +𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
2

]- C

(7)

where Tmax and Tmin represent the daily maximum and minimum temperature and C

represents the base growing temperature for potato, which is 10°C. Sensing was conducted by
placing the GS and CC at an approximate distance of 60 cm above the plant canopy, resulting in a
similar magnitude of reflectance at all sites and each growth stage (Franzen, 2012).
4.3.2 Data Analysis
Analysis of variance (ANOVA) was conducted to evaluate the effect of nitrogen rates on
potato tuber yield by using SPSS software. Microsoft Excel was used to plot the relationships
between potato tuber yields and a series of nitrogen rates. The bar graph (Figure 1) shows the
difference between the control treatment (0 N kg ha-1) and other treatments in addition to the N
rate that maximized the potato yield and the rate after which potato yield did not respond
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significantly. Regression analysis was conducted between potato yield and sensors data (INSEY)
to generate models for yield prediction.
4.4 RESULTS AND DISCUSSION
Large differences were noticed among yield data from the 11 sites. Therefore, a multiple
regression analysis was conducted (data not shown) between soil properties and yield, where OM
was found to be the main factor that had a high correlation with crop yield (Figure 2.1) (R2= 0.78**)
at P <0.01. Therefore, all sites were divided into ≤30 g kg-1 and ≥30 g kg-1 of soil OM. The sites
NS-1, NS-2, FV, CA1, CA2, CA3, LM, and WD were classified as ≥30 g kg-1 OM, while AF1,
AF2, and AF3 were classified as ≤30 g kg-1 OM. It is important to note that the ‘Shepody’ and
‘Superior’ potato cultivars had only one site each that came under ≤30 g kg-1 OM.
4.4.1 Yield Responses to Nitrogen Rates
Potato yields at different N rates are shown in (Figure 3.2), which shows the ANOVA results
between N rates and potato yields for sites that have ≤ 30 g kg-1 of OM, ≥ 30 g kg-1 of soil OM,
and an average of all sites combined. The yield of potato significantly improved with N fertilizer
applications in all abovementioned sites. Compared with the control treatment, 0 kg N ha-1, the
yields under 56, 112, 168 kg ha-1 treatments were increased by 10.8%, 20.7%, and 18.46%,
respectively, for 56 kg N ha-1; 13.3%, 28.8%, and 25.4% respectively for 112 kg N ha-1, 21.7%,
42.7%, and 37.7% respectively for 168 kg N ha-1. For all sites, potato yields increased as N rate
increased from 0 kg N ha-1 to 168 kg N ha-1. Still, no significant increase was witnessed for 224
kg N ha-1, implying that 168 kg N ha-1 was the maximum economic rate for potato production.
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4.4.2 Procedure #1 For Nitrogen Recommendation
4.4.2.1 Generating The “Nitrogen Fertilizer Optimization Algorithm” (NFOA)
Algorithms for managing N rates for numerous crops and regions have been established
(Holzapfel et al., 2009). They can be practiced in a sensor-based N rate calculator produced by
agronomists at Oklahoma State University to feed in zone-specific sensor data for determining the
in-season crop yield and N response index (RI). The algorithm of N rate recommendation for
sensor-based information is (Raun et al., 2002), equation (4.10);
N rate =

[(𝑌𝑌𝑌𝑌0 ×𝑅𝑅𝑅𝑅)−𝑌𝑌𝑌𝑌0] × 𝑁𝑁%

(Eq. 4.10)

NUE

where YP0 is the maximum achievable crop yield with no applied N.
RI is the response index
N% is the percentage of N in the yield, 0.026 (2.6%)(Ahmed et al., 2009)
NUE: nitrogen use efficiency
4.4.2.2 Yield potential (YP0)
YP0 is defined as the maximum achievable crop yield with no applied N. Considered the
backbone of any N fertilizer rate measurements, YP0 can be predicted from the relationship
between crop yield and INSEY(Lukina et al., 2001; Raun et al., 2002). The yield potential (YP0)
is presented by equation (4.11).
YP0 = Ae b

NDVI

(Eq. 4.11)

GDD

where, A and b represent the intercept and slope, respectively, of the exponential function as a
result of the regression analysis between potential yield and INSEY (Raun et al., 2002; Teal et al.,
2006). The regression analysis between tuber yield data (kg ha-1) and INSEY reading generated
the prediction equation for the YP0, where the coefficient of determination at p <0.05 level was
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0.24, and INSEY derived from GS-red data showed a higher significant relationship (p <0.05) than
the CC-red and CC-red-edge data, (Figure 4.1).

Tuber yield (kg ha-1)

45050
39550

YP0 = 8218.3e13.093×INSEY
R² = 0.24**

34050
28550
23050
17550
12050
6550
0.035

0.055 0.075 0.095
GS-red-INSEY

0.115

Figure 4.1. The relationship between potato tuber yield and the sensor reading, INSEY. at
p< 0.01.
4.4.2.3 Response Index
The normalized difference vegetation index (NDVI) readings from the N-rich plot divided
by NDVI of the test plot is described as response index (RI) to fertilizer N (Johnson and Raun,
2003). The in-season response index based on NDVI readings from a N-rich reference plot was
confirmed to be a viable method in managing N fertilizer for crops (Mullen et al., 2003; Ali and
Thind, 2015). Raun et al. (2002) defined the response index (RI) as the ratio of crop yield measured
from a non-N limiting plot, which in our case was the plot treated by 280 kg N ha-1, to that of a
non-N treated plot, which is the plot that treated by 0 kg N ha-1.
The response index (RI) value indicates the possibility and quantity of increment in crop
growth with added N. It is based on the theory that the amount of N to add at a given area can be
measured by examining spatial crop growth differences of an N-reference plot (N-rich plot, 280
kg ha-1) to variations of the untreated plot. The nitrogen reference plot is a typical section of an
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entire field that is sufficiently fertilized to accomplish maximum yield potential. Comparing Nsufficient plot with the non-N treated plot is also essential because the output (crop yield) requires
to be normalized (adjusted) to the N-reference plot to consider any color development not related
to N stress. Consequently, within the growing season, the magnitude of response to N input can be
measured, and the N rate calculated based on potential yield. Also, RI is a remarkable cost-saving
information guide to reduce Type II errors by recommending a need to apply N only when crops
undoubtedly need it (Johnson and Raun, 2003; Mullen et al., 2003). Hodgen et al. (2005) concluded
that when,
1 < RI < 1.1, N application will likely be non-responsive
1.1 < RI < 1.25, N application will likely be marginally responsive
RI > 1.25, N application will be responsive
Where marginal yield response to additional N application means the cost-benefit
proportion of yield to added fertilizer is likely expensive, mainly because the market prices of the
crop may be meager to yield significant earnings from the 25% yield increment. Whereas most
growers are believed to have a good understanding of spatial yield variability in their areas, they
are often less knowledgeable to decide how much fertilizer to add or reduce to high or low yielding
regions, respectively. RI and INSEY provide this information.
Raun et al. (2002) first defined yield response to applied N as the proportion of crop yield
of an N-reference plot to that of a non-N treated plot given by equation (4.12),
RI Harvest =

YieldN−Reference strip

(Eq. 4.12)

Yieldnon−treated strip

The mean tuber yield produced from N-rich plot (280 kg N ha-1) was 34080.91 kg ha-1, while
untreated plots (0 kg N ha-1) produced a mean of 25071.85 kg ha-1. As a result, the response index
(RI) was equal to 1.36, which is more than 1.25; this means the N application will result in a
121

response. Raun et al. (2002) stated that the combined advantage of the RI concept and INSEY
allowed an accurate top-dressed N rate for wheat. Total grain (yield) N removed from each area is
measured, and the difference between the N-rich and farmer’s practice values were divided by a
calculated NUE factor.
RI

NDVI

=

NDVI−Reference strip

(Eq. 4.12)

NDVInon−treated strip

4.4.2.4 Nitrogen Use Efficiency
The most basic definition of nutrient use efficiency is a crop yield per unit of available
nutrients (Swain et al., 2014), while Teboh et al. (2012) defined it as the amount of N input,
suggesting that it corresponds to the portion of N taken up to satisfy further yield demands. This
information can be used to evaluate the efficiency of nutrient use of a given cropping operation on
an annual or multi-year basis. Nitrogen use efficiency (NUE) can be calculated as described by
Baligar et al. (2001) as follows, equation (4.13):
NUE =

(Crop yield in N fertilized plot−Crop yield in no N plot)
(Quantity of N fertilizer applied in N fertilized plot)

(Eq. 4.13)

Thus, applying the data of potato yield and sensors in equation (4.10) resulted in 195 kg ha-1

being the N recommendation for the potato crop, which is about 14% lower than the amount that
potato growers have previously applied, 224 kg N ha-1.
4.4.3 Procedure #2 for Nitrogen Recommendation
This procedure differs from procedure number (1) mathematically; however, the materials
(yield and sensor data) are still the same. Sharma (2014) used procedure number (2) to generate a
N recommendation for corn crop, as in equation (4.14).
N rate in kg ha-1 =
Where:

[(Yp1−Yp2) ×N%]

(Eq. 4.14)

NUE
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Y1 is the predicted yield from the N-rich plot in kg ha-1
Y2 is the predicted yield from farmer practice plot in kg ha-1
N% is nitrogen percent in potato tuber, 0.026 (2.6%) (Ahmed et al., 2009)
NUE is the nitrogen use efficiency
As mentioned before, the N-rich plot is the plot that has been provided with full fertilizer
in order to be an unlimited N area. Nitrogen (N) at a rate of 280 kg N ha-1 was applied to fulfill the
N-rich plot, while 224 kg N ha-1 was the rate practiced by potato growers in Maine.
A regression analysis between potato tuber yield and sensor data (INSEY) was conducted
to generate an algorithm for potato yield prediction at p <0.05. The exponential model was the best
to fit that curve for both Y1 and Y2, respectively. The twentieth leaf stage was the time most likely
to have a significant relationship between yield data and INSEY. The GS and CC sensors showed
a significant relationship with yield data, but the determination coefficient for the CC-red-edge
was higher than those for other wavelengths (Figure 4.2 a and b). At the twentieth leaf stage, the
plant vegetation density is at the maximum, which is called the NDVI saturation condition.
The red (R) wavelength from GS and CC is sensitive only for a low range of chlorophyll
(3–5 µg cm-2) in comparison to the CC red-edge wavelength that is sensitive to a wider range (0.3–
45 µg cm-2) (A. Gitelson et al., 2003). As a result, applying the potato yield data of and sensor data
in equation (14) resulted in 199 kg ha-1 being the N recommendation for potato crops, which is
about 12% lower than the amount that potato growers used to apply, 224 kg N ha-1.
Although the coefficient of determination (R2) was statistically significant but not very strong
(0.24, 0.27, and 0.38), it could still be considered as a step toward utilizing active optical sensors
for the N recommendation calculation for potato crop. Conducting an experiment at sites with
different soil properties is a reason to have representative samples from multiple locations.
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However, having a massive gap among sites could be a problem, especially for statistical analysis.
That was our problem; there was a considerable gap in the yield data between sites. Classifying or
grouping sites is an excellent idea to overcome this issue, but running a regression analysis for a
single N rate (0, 224, 280 kg N ha-1) using a few points are considered insufficient. Therefore,

60000 (a)
y = 9957.7e37.755x
50000
R² = 0.27**
40000
30000
20000
10000
0
0.016 0.020 0.024 0.028 0.032 0.036
CC-red-edge-INSEY

Tber yield (kg ha-1)

Tuber yield (kg ha-1)

conducting the experiment with enough numbers of sites would be the solution to this issue.

70000 (b)
41.112x
60000 y = 9678.4e
R² = 0.34**
50000
40000
30000
20000
10000
0
0.016 0.021 0.025 0.030 0.034 0.039
CC-red-edge-INSEY

Figure 4.2. Relationship between potato yield and sensor data (INSEY) that used to predict
yield potential from the treatments a,) N-rich plot, b) farmer-practicing plot, at p< 0.01.

Potato yield difference in kg ha-1

Yield

Yield from N-rich plot

Yield from the farmer-practiced plot

INSEY
Figure 4.3 The schematic demonstrates how the algorithm of N recommendation works.
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4.5 CONCLUSIONS
The calculations from both procedures (1 and 2) proved that the N-recommendation algorithm
for potato crop could be generated based on active optical sensors. The sensing time at the
twentieth leaf stage has been observed to give a significant estimation of yield. In procedure
number (1), the calculation depended totally on the predicted yield from the control treatment (0
kg N ha-1), where there was no chlorophyll saturation issue, so the R wavelength showed a
significant relationship with yield data.
In contrast, procedure number (2) calculations depended on the N-rich and farmer-practice
plots (280 and 224 kg N ha-1), respectively, where the chlorophyll saturation issue happens
commonly, so the red-edge wavelength was the best to overcome this issue, and showed a
significant relationship with yield data.
The N-recommendation rates from both procedures (1 and 2) (195 and 199 kg N ha-1),
respectively, were lower than the average rate that potato growers in Maine have previously
applied annually. Procedure number (1) can save about 14% of the rate that potato growers
previously applied, while procedure number (2) can save about 12%. So far, these were useful
results and a good step toward utilizing active optical sensors to generate N recommendations.
However, to be more accurate, the sites had to be classified into two classes, soil with high organic
matter content (>30 g kg-1) and soils with low organic matter content (<30 g kg-1). Conducting the
experiment in separate soil types (>30 g kg-1 of OM and <30 g kg-1 of OM) can help determine
whether soil properties have a significant effect on the N-recommendation outcome or not. The
same issue holds true for potato cultivars when planting specific cultivars in a particular type of
soil, differences can expose whether potato cultivars have significant effects on the Nrecommendation outcome.
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CHAPTER 5
ECONOMIC AND FERTILITY CONSIDERATIONS OF NITROGEN APPLICATIONS
IN POTATO-MAINE
5.1 ABSTRACT
Nitrogen (N) fertilizer rates are commonly selected to maximize yield and therefore
economic profit. The most commonly practiced process of estimating N fertilizer requirements,
however, does not directly correlate application rates to profits. To determine the optimum N
application rates for maximum profit, potato experiments were conducted in Maine on soils with
different organic matter (OM) content. Three potato cultivars, Russet Burbank, Superior, and
Shepody, were planted, and six N rates (0-280 kg ha-1) (ammonium sulfate and ammonium nitrate)
were applied on 11 sites in a randomized complete block design, with four replications. A quadratic
model was used to fit the relationship between N rates and tuber yield (R2=0.96**). Soil organic
matter (OM) content supported the total yield but did not reduce the N rate required for production.
An N rate of 168 kg ha-1 produced the maximum potato yield at all sites. Sites that had high soil
OM content (>30 g kg-1) produced a higher tuber yield (47%) than sites with <30 g kg-1. Economic
optimum N rate (EONR) calculations showed that 198.2 kg ha-1 is the best N rate for economic
production for all sites combined, but particularly, 202.9 and 166.9 kg ha-1 are the EONR for the
sites with >30 g kg-1 and <30 g kg-1 of soil OM respectively. The maximum return to N (MRTN)
was $14,051 ha-1 and $8,432 ha-1 from sites with > 30 g kg-1 and <30 g kg-1, respectively. Planting
of more sites of each cultivar under different contents of soil OM to study their response to be
more specific and accurate regarding EONR is being considered.
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5.2 INTRODUCTION
Nitrogen is an essential nutrient that requires precise management in intensive cropping
practices because of its various advantageous and deleterious effects (Ju and Christie, 2011).
Globally, N has contributed to higher crop yields and economic profits to growers, but it has also
been determined that more than 50% of the amount of applied N is still unutilized, leading to losses
of billions of US dollars (Raun and Johnson, 1999). Meanwhile, the extensive amounts of N that
have drained into the groundwater, or that have been lost into the air (atmosphere) by ammonia
volatilization or denitrification (Zhu and Chen, 2002), have contributed negatively to the
environment.
In the future, the global application of N fertilizer will have to rise by 110–130%.
Accordingly, it is essential to resolve the inconsistencies among yield production, economic profit,
and environmental damage, and to devise solutions to develop N management policies
agronomically, economically, and environmentally (Cassman and Pingali, 1995; Tilman et al.,
2001; Galloway et al., 2004). There is a definite need to improve N fertilizer management for all
crops in general for economic and environmental reasons (Morris et al., 2018). Lasting economic
feasibility of crop production demands the adoption of proper rates, types, and sources of
fertilizers. Crop N demand and soil N supply fluctuate spatially and temporally over the field ,
making it challenging to predict N application concentrations (Lory and Scharf, 2003; Mamo et
al., 2003). Given this ambiguity, growers in North America typically over apply N fertilizer as
protection against yield decline, because the price of N fertilizer is low compared to the potential
cost of yield decline (Rajsic et al., 2009; Sadeghpour et al., 2017). This creates greater
opportunities for N loss, which consequently influences the environment and reduces profitability
comparatively to the optimal rate (Scharf et al., 2005).
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Substantial experimentation effort has been concentrated on the improvement of
recommendation policies to predict variation between indigenous soil N supply and crop N
demands, and determine the economically optimal N rate (EONR) (Morris et al., 2018; Puntel et
al., 2018). The EONR is described as the N rate at which the last increase of applied N exhibits a
yield response of similar monetary profit. Nevertheless, mechanistically, the response model that
represents the relationship between the applied N rate and yield is controlled by the gap between
crop N demand and soil N supply. While Camberato et al. (2017) defined the EONR as the rate
that maximizes dollar profit from the N fertilizer application, because the yield gains from
additional N decrease as N rates reach the agronomic optimum N rate (AONR), the EONR will
nearly constantly be less than the AONR. The AONR denotes the total amount of N required to
maximize crop yield, yet not necessarily maximize profit.
Fontes et al. (2010) applied different rates of N (0- 300 kg ha-1) to four potato cultivars,
Ágata, Asterix, Atlantic, and Monalisa. The results showed the highest tuber yields with rates of
180, 201, 175, and 176 kg ha-1 of N. However, the economic optimum N fertilization rates ranged
from 147 to 201 kg ha-1, depending upon cultivar and corresponding prices of N and potato. Teklu
and Hailemariam (2009) experimented with studying the effect of different rates of manure (M)
and N on, wheat (Triticum durum) and tef (Eragrostis tef). The application of 6 t M ha-1 and 30 kg
ha-1 of N produced the highest yield. However, the EONR showed that the optimum economic
rates were 6.85 t M ha-1 and 44 kg ha-1 of N for wheat and 4.53 t M ha-1 and 37 kg ha-1 of N for
tef.
The purpose of this study was to evaluate the response of potato crops to different N rates
under different soil organic content, determine the economic optimum N fertilization rates, and
study the impact of soil OM content on the maximum return to N.
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5.3 METHODS
Total tuber yield was evaluated statistically by utilizing the analysis of variance (ANOVA)
and regression. To describe the relationship of potato yield response to N fertilizer rate, statistical
models (linear, exponential quadratic, and cubic) were tested and applied to the data using
statistical software SPSS V-25 (SPSS-IBM-Corp., 2017) at P≤0.05. Statistical parameters such as
regression coefficient, P≤ 0.05, and Durbin Watson (DW) were used to test the accuracy of the
models, where the calculated value of DW (2.5) was compared with the estimated one from the
Savin and White table (Savin and White, 1977), The calculated DW is higher than 4-dU and lower
than 4-dL (2.4) and (2.7), respectively. DW was tested if there was autocorrelation in the residuals
from the regression analysis, or in other words, that the residuals were independent (Montgomery
et al., 2001).
The quadratic model was the best fit to represent the response of potato yield to N fertilizer
rate and to calculate the economic optimum N rates (Table 5.1). Similarly, studies conducted by
(Bélanger et al., 2000; de C Silva et al., 2007) showed that the quadratic pattern fitted data with
less bias than other patterns (exponential and square root). Colwell (1994) defined the EONR (kg
ha−1 of N) as the rate of N application where $1.00 of supplementary N fertilizer yielded $1.00 of
potatoes, and it represents the minimum rate of N application needed to maximize economic profit.
The EONR was calculated by setting the first derivative of the N response curve equal to
the ratio between the cost of fertilizer ($ cost kg-1) and the price of potatoes ($ kg-1), ($c/$p). The
price ratio was the ratio of N fertilizer price to potato tuber price ($ kg-1 / $ kg-1) in two years (2018
to 2019). The resulting formula was resolved for the EONR. The EONR was the point at the curve
where the last increment of N produced a yield considerable enough to pay for the additional N
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applied. The selected model (quadratic) was outlined in Cerrato and Blackmer (1990), and is
explained briefly below:
Y = a + bx - cx2…………………………………………………………………………….(Eq. 5.2)
Where,
Y is the potato yield (kg ha–1)
x is the rate of N fertilizer (kg ha–1)
a, b, and c are parameters of the model
The agronomic optimal N rate (kg ha−1 of N) was measured by determining the first derivative of
the N-derived potato yield response model to the N application rate (Eq. 5.3) (Bullock and Bullock,
1994).
Y (dy/dx) = 0 + x - 2cx………………………………………………………………………(Eq. 5.3)
where:
Y is the potato yield (kg ha–1)
x is the AONR (kg ha–1)
c is parameter of the model
The same relationship (yield and N rates) were used to calculate the maximum return to N
(MRTN), which is the N fertilizer rate where the economic net profit to N use is greatest (Nafziger
et al., 2004; Sawyer et al., 2006). The following equations summarize the MRTN calculation steps,
and Table 5.2 shows the calculation steps:
Gross $ return at the yield increase= yiled (kg) × yield price ($)………………………….(Eq. 5.4)
Nitrogen cost= N rate (kg) × N cost ($)……………………………………………………(Eq. 5.5)
Net return to N= Gross $ return at the yield increase- Nitrogen cost………….…...….……(Eq. 5.6)
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Table 5.1. Models of the relationship between potato yield and nitrogen fertilizer for all
sites.
Model

Formula
0.0011 X

Linear

Y=24520e

Exponential

Y=31.425X ×24635
2

R2

P

DW

0.69

0.04

1.32

0.67

0.028

1.32

Quadratic

Y=-0.2701X + 110.82X + 24764

0.96

0.007

2.5

Cubic

Y=-0.0009X3 + 0.1167 X 2 + 62.316 X + 22564

0.97

0.03

3.5

R2 is the regression coefficient, P-value is the probability that was employed to distinguish the
treatments from each other in terms of statistical differences, and DW is the Durbin Watson to test
if there is autocorrelation in the residuals from a regression analysis.

Table 5.2. Calculations of the maximum nitrogen rate to nitrogen for all sites.
0.0

Net return to
N
7903.2

9510.2

74.1

9436.1

28887

10197.1

148.2

10048.9

168

32795

11576.7

222.3

11354.5

224

32761

11564.8

296.4

11268.4

280

30434

10743.0

370.4

10372.6

N-rates (kg ha-1)

Potato yield (kg ha-1)

0

22389

56

26941

112

Gross $ return at the
yield increase
7903.2

N-cost

5.4 RESULTS
5.4.1. Yield Responses to Nitrogen Rates
Potato yields under different N rates are shown in (Figure 5.1), which represents the
relationship between N rates and potato yields for sites that had ≤ 30 g kg-1 of soil OM, ≥ 30 g kg1

of soil OM, and an average of all sites combined. The potato yield was significantly improved

by N fertilizer applications in the experimental sites, classified and combined, where the highest
tuber yields were 36725.8, 40434.5, and 27453.9 kg ha-1 in the all combined sites, ≥ 30 g kg-1 of
soil OM, and ≤ 30 g kg-1 of soil OM by applying the N rate 168 kg ha-1. In comparison with the

131

control treatment, (0 kg ha-1 of N, potato yields under 56, 112, and 168 kg ha-1 treatments were
increased by 10.8%, 20.7%, and 18.46% respectively when applying 56 kg ha-1 of N were
increased by 13.3%, 28.8%, and 25.4% respectively when applying 112 kg ha-1 of N and were
increased by 21.7%, 42.7%, and 37.7% respectively when applying 168 kg ha-1of N. For all sites,
potato yields increased significantly as N rate increased from 0 kg ha-1 up to 168 kg ha-1 (P< 0.05).

Potato yield (kg ha-1)

However, there was no significant increase achieved by applying 224 kg ha-1of N (P> 0.05).
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Figure 5.1. The response of potato yield to different applications of N fertilizer rates, ANOVA
at P< 0.05. Adopted from (Ahmed et al., 2020).
5.4.2. Agronomic Optimum Nitrogen Rate, Economic Optimum Nitrogen Rate, and
Maximum Return to Nitrogen
5.4.2.1. All sites combined
Deriving the quadratic equation (Eq. 5.7) for the relationship between potato yield and N
rates, (Figure 5.2) produced the X value, which represents the AONR. Across all 11 experimental
sites, the AONR value was 205.6 kg ha-1 of N, which is higher than the conventional method
(Figure 5.1) that depends only on selecting the rate that produced the highest yield among the
applied series of rates (168 kg N ha-1).
132

Y= -0.2701X2 + 110.82X + 24764………………………………..…………………….…(Eq. 5.7)
Y (dy/dx) = -0.5402X + 110.82 + 0……………………………..…..…..…………………(Eq. 5.8)
Where,
X= 205.1 kg ha-1 of N, which represents the AONR.

Potato yield (kg ha-1)

38000
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32000

y = -0.2701x2 + 110.82x + 24764
R² = 0.96

30000
28000
26000
24000
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168
N-rates (kh ha-1)

224

280

Figure 5.2. Relationship between potato yield and nitrogen rates from all sites during two
growing seasons, 2018-2019, P< 0.05.
By including the ratio of N cost to potato yield price and subtracting it from the same
derived quadratic equation (Eq. 5.9), a value of the EONR was obtained (Eq.5.10).
Y (dy/dx) = -0.5402X + 110.82 - ($c/$p)……………………………………………… (Eq. 5.9)
Where,
($c/$p) is the ratio of N cost to potato price (which is $1.323 kg-1/$0.355 kg-1)
Y (dy/dx) = -0.5402X + 110.82 - 3.73…………………………………………………(Eq. 5.10)
Where,
X= EONR= 198.2 kg ha-1, which could produce 36114.2 kg ha-1 of potato tuber
The price of potatoes from such a N rate minus the cost of N applied for that rate gives
the net MRTN, where equation (5.11) explains the calculations steps (Figure 5.3).
[(Potato yield (kg ha-1) × potato price ($)) - (N rate (kg ha-1) × N cost ($))] ………..…(Eq. 5.11)
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The highest MRTN was $12,743.4 at 168 kg ha-1of N; applying the EONR value (198.2 kg
ha-1) in the calculation, provided an estimation about the highest return to N from that rate,

MRTN ($ ha-1)

($12,486.1 ha-1). Table 5.3 shows MRTN values for each N rate and EONR.
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Figure 5.3. The returns to N (MRTN) at a series of N rates based on averages from 11 sites
during two growing seasons 2018-2019, P< 0.01.
Table 5.3. Gross return, N-cost and MRTN values for each N rate when all sites (11 sites)
combined, including the EONR value.
N-rate
(kg ha-1)
0
56
112
168
198.2
205
224
280

Yield
(kg ha-1)
25070
30170
32350
36730
36114
36131
36690
34080

Gross return at the yield
increase ($)
8849.7
10650.0
11419.6
12965.7
12748.3
12754.3
12951.6
12030.2

N-Cost
($ ha-1)
0.0
74.1
148.2
222.3
262.2
271.2
296.4
370.4

MRTN
($)
8849.7
10575.9
11271.4
12743.4
12486.1
12483.1
12655.2
11659.8

5.4.2.2. Sites with > 30 g kg-1 of Soil Organic Matter Content
Deriving the quadratic equation (Eq. 5.12) for the relationship between potato yield and N
rate, (Figure 5.4) produced the X value (Eq. 5.13), which represents the AONR. In sites with > 30
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g kg-1 of OM, the AONR value was 208.7 kg ha-1 of N, which is higher than the conventional
method (Figure 5.2) which depends only on selecting the N rate that produced the highest yield
among the applied series of rates (168 kg N ha-1).
Y= -0.3192X2 + 133.25X + 25807…………………………………………………….…(Eq. 5.12)
Y (dy/dx) = -0.6384X + 133.25 + 0……………………………..……..…………………(Eq. 5.13)
Where,

Potato yield (kg ha-1)

X= 208.7 kg N ha-1, which represents the AONR.
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Figure 5.4. Relationship between potato yield and nitrogen rates from sites (>30 g kg-1 of
OM) during two growing seasons, 2018-2019, P< 0.01.
Involving the ratio of N cost to potato yield price and subtracting it from the same derived
quadratic equation (Eq. 5.14), will result in a value of the EONR (Eq. 5.15).
Y (dy/dx) = -0.6384X + 133.25 - ($c/$p)………………………………………….…… (Eq. 5.14)
Where,
($c/$p) is the ratio of N cost to potato price (which is $1.323 kg-1/$0.355 kg-1)
Y (dy/dx) = -0.6384X + 133.25- 3.73……………………………………………………(Eq. 5.15)
Where,
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X= EONR= 202.9 kg ha-1, which could produce 35448.1 kg ha-1 of potato tuber.
The price of potato from such a N rate minus the cost of N applied for that rate gives the
net MRTN, where equation (5.16) explains the calculations steps (Figure 5.5).
[(Potato yield (kg ha-1) × potato price ($)) - (N rate (kg ha-1) × N cost ($))] …………(Eq. 5.16)
The highest MRTN was $14051.1 at 168 kg ha-1of N; applying the EONR value (202.9 kg ha-1)
in the calculation, provided an estimation about the highest return to N from that rate ($13746.5
ha-1). Table 5.4, shows MRTN values for each N rate and EONR.
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Figure 5.5. Returns to N (MRTN) at a series of N rates based on averages from sites with >
30 g kg-1 of OM during two growing seasons 2018-2019, P< 0.01.
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Table 5.4. Gross return, N-cost and MRTN values for each N rate for sites with > 30 g kg-1
of SOM, including the EONR value.
N-rate
(kg ha-1)
0
56
112
168
202
224
280

Yield
(kg ha-1)
23392.2
28810.2
31275.0
36107.2
35448.1
36003.7
33463.6

Gross return at the yield
increase ($)
8257.4
10170.0
11040.1
12745.8
12513.2
12709.3
11812.6

N-Cost
($ ha-1)
0.0
74.1
148.2
222.3
267.4
296.4
370.4

MRTN
($)
8257.4
10095.9
10891.9
12523.6
12245.8
12413.0
11442.2

5.4.2.3. Sites with < 30 g kg-1 of Soil Organic Matter Content
Deriving the quadratic equation (Eq. 5.17) for the relationship between potato yield and
Nrates (Figure 5.6) produced the X value, which represents the AONR. In sites with < 30 g kg-1 of
OM, the AONR value was 180.6 kg ha-1 of N, which is higher than the conventional method
(Figure 5.2) that depends only on selecting the rate that produced the highest yield among the
applied series of rates (168 kg N ha-1).
Y= -0.136X2 + 49.135X + 19559…………………………………………………….…(Eq. 5.17)
Y (dy/dx) = -0.272X + 49.135 + 0……………………………..……..…………………(Eq. 5.18)
Where,
X= 180.6 kg N ha-1, which represents the AONR.
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Figure 5.6. Relationship between potato yield and nitrogen rates from sites (< 30 g kg-1 of
OM) during two growing seasons, 2018-2019, P< 0.01.
Involving the ratio of N cost to potato yield price and subtracting it from the same derived
quadratic equation (Eq.5.18), will result in a value of the EONR (Eq.5.19).
Y (dy/dx) = -0.271X + 49.135 - ($c/$p)……………………………………………… (Eq. 5.18)
Where,
($c/$p) is the ratio of N cost to potato price, which is ($1.323 kg-1/$0.355 kg-1)
Y (dy/dx) = -0.271X + 49.135 - 3.73……………………………………………………(Eq. 5.19)
Where,
X= EONR= 166.9 kg ha-1, which could produce 23971.3 kg ha-1 of potato tuber.
The price of potatoes from such a rate of N minus the cost of N applied for that rate
provides the net MRTN, where equation 5.20 explains the calculations steps (Figure 5.7).
[(Potato yield (kg ha-1) × potato price ($)) - (N rate (kg ha-1) × N cost ($))] ……..……(Eq. 5.20)
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The highest MRTN was $8431.8 at 168 kg ha-1of N; applying the EONR value (166.9 kg
ha-1) in the calculation, provided an estimation about the highest return to N from that rate ($8241.1
ha-1). Table 5.5 shows MRTN values for each N rate and also EONR.

MRTN ($ ha-1)

2
9000 y = -0.048x + 16.021x + 6904.3
R² = 0.89
8500

8000
7500
7000
6500
6000
0

56

112
168
N-rates (kg ha-1)

224

280

Figure 5.7. Returns to N (MRTN) at a series of N rates based on averages from sites with <
30 g kg-1 of OM during two growing seasons 2018-2019, P< 0.01.
Table 5.5. Gross return, N-cost and MRTN values for each N rate for sites with < 30 g kg-1
of SOM, including the EONR value.
N-rate
(kg ha-1)
0
56
112
167
168
224
280

Yield
(kg ha-1)
19712
21957
22519
23971
24516
24115
22353

Gross return at the yield
increase ($)
6958.5
7750.8
7949.1
8461.9
8654.1
8512.7
7890.7
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N-Cost
($ ha-1)
0.0
74.1
148.2
220.8
222.3
296.4
370.4

MRTN
($)
6958.5
7676.7
7800.9
8241.1
8431.8
8216.4
7520.3

5.5. Some Consideration Related to Maine State Agriculture
The total area of Maine is approximately 8602645.5 ha ("FACTS ABOUT MAINE,"),
while the lands used in farming are approximately 588455 ha (USDA, 2020). Potato crop
production occupies approximately 21043.7 ha (USDA, 2019). According to the (USDA., 2019),
there were approximately 19020, 19425, 19830, and 21044 ha of area planted with potatoes during
2016, 2017, 2018, and 2019, respectively and potato tuber yield was 40.8, 40.2, 38.9, and 39.5
Mg ha-1, respectively. The potato production project requires several points to be taken into
account. Table 5.6 shows the cost to grow, harvest, and sort for Russet Burbank potatoes. The table
is used as an example to clarify the expenses that farmers spent seasonally for potato production.
. The approximate cost for active optical sensors is between $4,000.0 and $5,000.0 for GG and CC
sensors, however, the small GS sensor is more affordable ($400) than the larger sensor and can be
used by the farmers. Note: the small GS sensor can only provide NDVI data, which is enough to
generate a yield prediction model and N recommendation. At the same time, the larger sensors can
provide NDVI data generated from red, red-edge, and NIR bands, in addition to providing CI data
and LAI. These extra indices are essential for improving R2 values and other measurements.
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Table 5.6. An example of potato budget for a conventional farm, data collected in 2004 for
Maine, data adopted from (Aaron et al., 2004).

Number of Acres
Potato Yield (cwt)
Price ($/cwt)
Annual Revenue
Annual Operating Expenses
Seed
Fertilizer
Lime
Chemicals
Labor
Diesel Fuel and Oil
Maintenance and Upkeep
Supplies
Insurance
Miscellaneous
Utilities
Custom Hire
Rent or Lease
Freight and Trucking
Storage and Warehousing
Other Expenses
Interest
Total Operating Expenses
Annual Ownership Expenses
Depreciation and Interest
Tax and Insurance
Total Ownership Expenses
Total Annual Cost
Net Farm Income (NFI)
Return over Variable Cost (ROVC)
Performance Measures
Breakeven Revenue
Long-run to Cover All Costs
Short-run to Cover Operating Costs

Total Per Acre
Per Cwt
160
38,400
$6.88
$264,107

Total Per Acre Per
Cwt
240
$1,650.67

Total Per Acre Per
Cwt
$6.88

$37,368
$22,546
$1,600
$26,336
$36,688
$12,058
$17,754
$9,215
$8,865

$233.55
$140.91
$10.00
$164.60
$229.30
$75.36
$110.96
$57.59
$55.40

$0.97
$0.59
$0.04
$0.69
$0.96
$0.31
$0.46
$0.24
$0.23

$6,101
$0
$10,000
$2,849
$1,879
$960
$5,364
$199,581

$38.13
$0
$62.50
$17.81
$11.75
$6.00
$33.52
$1,247.38

$.16
$0
$0.26
$0.07
$0.05
$0.03
$0.14
$5.20

$51,305
$3,133
$54,438
$254,019
$10,088
$64,526

$320.66
$16.58
$340.24
$1,587.62
$63.05
$403.29

$1.34
$0.08
$1.42
$6.62
$0.26
$1.68

$/acre
$1,587.62
$1,247.38

$/cwt
$6.62
$5.20

5.6. DISCUSSION
The results of this study showed that potato crop responded significantly to N rates at all
experimental sites. The yield reduction or insignificant increase after the rate of 168 kg ha-1 of N
was also observed in all experimental sites, which could be due to delayed tuber growth as a result
of the longer vegetative growing period in comparison to tuber growth period. Excessive N
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application encouraged a dense vegetative growth, which in turn reduced the amount of
carbohydrates that were available to tubers. As a result, photosynthesis supported plant leaves
more than tubers and reduced tuber quality (Porter and Sisson, 1989; Ahmed et al., 2009).
Sites with soil OM content > 30 g kg-1 produced a higher tuber yield than sites with < 30 g
kg-1, which is attributed to the effect of OM on soil chemical, physical, and biological properties.
The most powerful impact of OM was reducing soil bulk density, which created a soft bed around
tubers that allowed for flexibility in size enlargement (Lynch et al., 2008). Sites with > 30 g kg-1
of OM produced higher a tuber yield than sites with < 30 g kg-1 of OM; however, a higher N rate
was required than for sites with < 30 g kg-1 of OM. The extra N was required to feed soil
microorganisms that work on OM decomposition.
The economic optimum N rate required for sites with > 30 g kg-1 of soil OM (202.9 kg
ha-1) was 19.5% higher than sites with < 30 g kg-1 (166.9 kg ha-1), however, tuber yield was
32.4% higher than sites with <30 g kg-1. Additionally, the MRTN increased by 60% more than
sites with < 30 g kg-1 of soil OM. In comparison with the potato growers at Aroostook County in
Maine who are adding 224 kg ha-1 of N, by following the EONR recommendation, it allows them
to save about $28 ha-1 of N cost. However, the MRTN would be decreased by 1.37%.
Applying N rates according to EONR calculations is valuable and beneficial because the
cost of N is stable every year. At the same time, yield could decrease unexpectedly if the potato
plants are stressed (either by drought or ambient temperature) and, therefore, the extra dollars
saved from yield would be equal to or lower than the EONR recommendation (Agriculture, 2015).
The EONR value is typically less than the AONR. It will generally decline as N cost increases,
increase as yield price raises, or remain the same as long as the proportion of N cost to yield price
(c/p) does not fluctuate (Camberato et al., 2017).
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5.7 CONCLUSIONS
The EONR is lower than the AONR reading regarding the N rate. However, EONR can
save the growers money, protect the environment against pollution from excessive fertilization,
and produce an economic bottom line comparable to the one achieved by applying 224 kg ha-1 of
N fertilizer.
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CHAPTER 6
OVERALL CONCLUSIONS
Russet Burbank cultivar produced a higher tuber yield than Shepody and Superior cultivars.
To produce potato tubers of acceptable marketable quality, the N rate must be added according to
the recommended amount. Increasing N to higher rate than currently recommended could
negatively affect tuber yield and specific gravity. The N rate applied by potato growers in
Aroostook County is approximately 224 kg ha-1. However, our economic calculations suggest that
an N rate of 198.2 kg ha-1 provides a better return on investment, and can be updated according to
market fluctuations. This represents a 12% decrease in N rates currently used by growers. Sites
with high OM content (> 30 g kg-1) produced approximately 48% higher tuber yields than sites
with low OM content (< 30 g kg-1). The maximum MRTN was approximately $12,245.8 from sites
with high OM content, while the maximum MRTN from sites with lower OM content was
$8,241.1. Therefore, taking into account OM content can improve potato tuber yield considerably.
Using active optical sensors (GreenSeeker and Crop Circle) in potato farming is an efficient
method of calculating N fertilizer recommendations and of predicting in-season tuber yield that
can save approximately 12-14% of the total N currently applied by growers.

144

REFERENCES
Aaron, K. H., Timothy, J. D., and Stewart, N. S. (2004). B850: Representative Farm Budgets and
Performance Indicators for Integrated Farming Practices in Maine Maine Agricultural And
Forest Experiment Station, 850, 84.
Abdalla, H., Abdalhaleem, Matori, A. N., Shafri, M., and Zulhaidi, H. (2013). Surface Moisture
Content Retrieval from Visible/Thermal Infrared Images and Field Measurements.
Caspian Journal of Applied Sciences Research, 182-189.
Agriculture, M. D. o. (2015). Minnesota Nitrogen Fertillizer Management Plan. Minnesota
Department of Agriculture.
Ahmed, A., El-Baky, M. A., Ghoname, A., Riad, G., and El-Abd, S. (2009). Potato Tuber Quality
as Affected by Nitrogen Form and Rate. Middle Eastern Russian Journal of Plant Sciences
and Biotechnology, 3, 47-52.
Ahmed, A. Z., Lakesh, S., Ahmed, J., Sukhwinder, B., Aaron, B., and Andrei, A. (2020). In-season
potato yield prediction with active optical sensors. Agrosystems, Geosciences
&Environment, 3(3), 1-15.
Alexander, R. (1999). Compost markets grow with environmental applications. Biocycle, 40(4), 4.
Ali, A., and Thind, H. (2015). A framework for refining nitrogen management in dry direct-seeded
rice using GreenSeeker™ optical sensor. Computers and Electronics in Agriculture, 110,
114-120.
Ali, A. M., Thind, H. S., Sharma, S., and Singh, Y. (2015). Site-specific nitrogen management in
dry direct-seeded rice using chlorophyll meter and leaf colour chart. Pedosphere, 25(1),
72-81.
Allen, E. (1972). The effect of row width on the yield of three potato varieties. The Journal of
Agricultural Science, 79(2), 315-321.
Alva, L. (2004). Potato nitrogen management. Journal of vegetable crop production, 10(1), 97132.
Andre, C. M., Legay, S., Iammarino, C., Ziebel, J., Guignard, C., Larondelle, Y., . . . Miranda, L.
M. (2014). The potato in the human diet: a complex matrix with potential health benefits.
Potato Research, 57(3-4), 201-214.
Aparicio, N., Villegas, D., Araus, J., Casadesus, J., and Royo, C. (2002). Relationship between
growth traits and spectral vegetation indices in durum wheat. Crop Science, 42(5), 15471555.
Baeckström, G., Hanell, U., and Svensson, G. (2006). Nitrogen use efficiency in an 11-year study
of conventional and organic wheat cultivation. Communications in soil science and plant
analysis, 37(3-4), 417-449.
145

Baez-Gonzalez, A. D., Chen, P.-y., Tiscareño-López, M., and Srinivasan, R. (2002). Using satellite
and field data with crop growth modeling to monitor and estimate corn yield in Mexico.
Crop Science, 42(6), 1943-1949.
Baez-Gonzalez, A. D., Kiniry, J. R., Maas, S. J., Tiscareno, M. L., Macias, C., Mendoza, J. L., . .
. Manjarrez, J. R. (2005). Large-area maize yield forecasting using leaf area index based
yield model. Agronomy Journal, 97(2), 418-425.
Bahl, A., and Kahl, G. (1995). Air pollutant stress changes the steady-state transcript levels of
three photosynthesis genes. Environmental Pollution, 88(1), 57-65.
Baligar, V., Fageria, N., and He, Z. (2001). Nutrient use efficiency in plants. Communications in
soil science and plant analysis, 32(7-8), 921-950.
Ball, D. F. (1964). Loss-on-Ignition as an Estimate of Organic Matter and Organic Carbon in nonCalcareous Soils. Journal of Soil Science, 15(1), 84-92. doi:10.1111/j.13652389.1964.tb00247.x
Barker III, J., Zhang, N., Sharon, J., Steeves, R., Wang, X., Wei, Y., and Poland, J. (2016).
Development of a field-based high-throughput mobile phenotyping platform. Computers
and Electronics in Agriculture, 122, 74-85.
Barmaki, M., Rahimzadeh Khoei, F., Zehtab Salmasi, S., Moghaddam, M., and Nouri Ganbalani,
G. (2008). Effect of organic farming on yield and quality of potato tubers in Ardabil.
Journal of food, agriculture & environment.
Bartlett, R. J. (1981). Oxidation‐reduction status of aerobic soils. Chemistry in the soil
environment, 40, 77-102.
Basyouni, R., and Dunn, B. (2013). Use of optical sensors to monitor plant nitrogen status in
horticultural plants. Division of Agricultural Sciences and Natural Resources, Oklahoma
State University.
Bausch, W., and Duke, H. (1996). Remote sensing of plant nitrogen status in corn. Transactions
of the ASAE, 39(5), 1869-1875.
Bélanger, G., Walsh, J., Richards, J., Milburn, P., and Ziadi, N. (2000). Comparison of three
statistical models describing potato yield response to nitrogen fertilizer. Agronomy
Journal, 92(5), 902-908.
Bélanger, G., Walsh, J. R., Richards, J. E., Milburn, P. H., and Ziadi, N. (2002). Nitrogen
fertilization and irrigation affects tuber characteristics of two potato cultivars. American
Journal of Potato Research, 79(4), 269-279.
Beyene, G. (1998). Yield, quality, and nitrogen uptake of potato as influenced by rate and time of
nitrogen. Department of Plant Sciences, College of Agriculture Alemaya University.

146

Biemond, H., and Vos, J. (1992). Effects of nitrogen on the development and growth of the potato
plant. 2. The partitioning of dry matter, nitrogen and nitrate. Annals of botany, 70(1), 3745.
Birch, H. (1958). The effect of soil drying on humus decomposition and nitrogen availability. Plant
and Soil, 10(1), 9-31.
Blackmer, T., Schepers, J., Varvel, G., and Walter-Shea, E. (1996). Nitrogen deficiency detection
using reflected shortwave radiation from irrigated corn canopies. Agronomy Journal,
88(1), 1-5.
Blackmer, T., Schepers, J., and Vigil, M. (1993). Chlorophyll meter readings in corn as affected
by plant spacing. Communications in soil science and plant analysis, 24(17-18), 25072516.
Blackmer, T. M., and Schepers, J. S. (1996). Aerial photography to detect nitrogen stress in corn.
Journal of plant physiology, 148(3-4), 440-444.
Blackmer, T. M., Schepers, J. S., and Varvel, G. E. (1994). Light reflectance compared with other
nitrogen stress measurements in corn leaves. Agronomy Journal, 86(6), 934-938.
Blumenthal, J. M., Baltensperger, D. D., Cassman, K. G., Mason, S. C., and Pavlista, A. D. (2008).
Importance and effect of nitrogen on crop quality and health. In Nitrogen in the
Environment (pp. 51-70): Elsevier.
Bogard, M., Jourdan, M., Allard, V., Martre, P., Perretant, M. R., Ravel, C., . . . Griffiths, S. (2011).
Anthesis date mainly explained correlations between post-anthesis leaf senescence, grain
yield, and grain protein concentration in a winter wheat population segregating for
flowering time QTLs. Journal of Experimental Botany, 62(10), 3621-3636.
Bogash, S. M., Lamont, W. J., Harsh, M. R., Kime, L. F., and Harper , J. K. (2014). Potato
Production, 1-8 pp. Retrieved from https://extension.psu.edu/potato-production#section16 website:
Booij, R., and Uenk, D. (2004). Crop-reflection-based DSS for supplemental nitrogen dressings in
potato production. Decision Support Systems in Potato Production. Wageningen Academic
Publishers, 47-53.
Botha, E., Zebarth, B., and Leblon, B. (2006). Non-destructive estimation of potato leaf
chlorophyll and protein contents from hyperspectral measurements using the PROSPECT
radiative transfer model. Canadian journal of plant science, 86(1), 279-291.
Bowen, T. R., Hopkins, B. G., Ellsworth, J. W., Cook, A. G., and Funk, S. A. (2005). In-season
variable rate N in potato and barley production using optical sensing instrumentation.
Paper presented at the Western Nutrient Management Conference.
Bowen, W., Cabrera, H., Barrera, V. H., and Baigorria, G. (1999). Simulating the response of
potato to applied nitrogen.
147

Broge, N. H., and Leblanc, E. (2001). Comparing prediction power and stability of broadband and
hyperspectral vegetation indices for estimation of green leaf area index and canopy
chlorophyll density. Remote sensing of Environment, 76(2), 156-172.
Bronson, K. F., Chua, T. T., Booker, J., Keeling, J. W., and Lascano, R. J. (2003). In-season
nitrogen status sensing in irrigated cotton. Soil science society of America journal, 67(5),
1439-1448.
Bu, H., Sharma, L. K., Denton, A., and Franzen, D. W. (2016). Sugar Beet Yield and Quality
Prediction at Multiple Harvest Dates Using Active-Optical Sensors. Agronomy Journal,
108(1), 273-284.
Bullock, D., and Anderson, D. (1998). Evaluation of the Minolta SPAD‐502 chlorophyll meter for
nitrogen management in corn. Journal of Plant Nutrition, 21(4), 741-755.
Burke, J. J. (2017). Growing the potato crop. Vita, Equity House, Upper Ormond Quay, Dublin,
7.
Buttriss, J., and Riley, H. (2013). Sustainable diets: harnessing the nutrition agenda. Food
chemistry, 140(3), 402-407.
Camberato, J., Nielsen, R., and Joern, B. (2017). Nitrogen management guidelines for corn in
Indiana. Purdue Nitrogen Management Update. Available online: https://www. agry.
purdue. edu/ext/corn/news/timeless/nitrogenmgmt. pdf (accessed on 14 December 2016).
Camire, M. E., Kubow, S., and Donnelly, D. J. (2009). Potatoes and human health. Critical reviews
in food science and nutrition, 49(10), 823-840.
Campbell, C. A., Biederbeck, V. O., McConkey, B. G., Curtin, D., and Zentner, R. P. (1998). Soil
quality—effect of tillage and fallow frequency. Soil organic matter quality as influenced
by tillage and fallow frequency in a silt loam in southwestern Saskatchewan. Soil Biology
and Biochemistry, 31(1), 1-7.
Campbell, C. A., and Zentner, R. P. (1993). Soil Organic Matter as Influenced by Crop Rotations
and Fertilization. Soil science society of America journal, 57(4), 1034-1040.
doi:10.2136/sssaj1993.03615995005700040026x
Campbell, J. B., and Wynne, R. H. (2011). Introduction to remote sensing: Guilford Press.
Campbell, P., Middleton, E., McMurtrey, J., and Chappelle, E. (2007). Assessment of vegetation
stress using reflectance or fluorescence measurements. Journal of environmental quality,
36(3), 832-845.
Cao, Q., Miao, Y., Feng, G., Gao, X., Li, F., Liu, B., . . . Khosla, R. (2015). Active canopy sensing
of winter wheat nitrogen status: An evaluation of two sensor systems. Computers and
Electronics in Agriculture, 112, 54-67.

148

Cao, Q., Miao, Y., Shen, J., Yu, W., Yuan, F., Cheng, S., . . . Liu, F. (2016). Improving in-season
estimation of rice yield potential and responsiveness to topdressing nitrogen application
with Crop Circle active crop canopy sensor. Precision agriculture, 17(2), 136-154.
Cartelat, A., Cerovic, Z., Goulas, Y., Meyer, S., Lelarge, C., Prioul, J.-L., . . . Agati, G. (2005).
Optically assessed contents of leaf polyphenolics and chlorophyll as indicators of nitrogen
deficiency in wheat (Triticum aestivum L.). Field Crops Research, 91(1), 35-49.
Carter, M. R., and Sanderson, J. B. (2001). Influence of conservation tillage and rotation length on
potato productivity, tuber disease and soil quality parameters on a fine sandy loam in
eastern Canada. Soil and Tillage Research, 63(1-2), 1-13.
Cassman, K. G., Dobermann, A., and Walters, D. T. (2002). Agroecosystems, nitrogen-use
efficiency, and nitrogen management. AMBIO: A Journal of the Human Environment,
31(2), 132-141.
Cassman, K. G., and Pingali, P. L. (1995). Extrapolating trends from long-term experiments to
farmers' fields: The case of irrigated rice in Asia.
Caturegli, L., Corniglia, M., Gaetani, M., Grossi, N., Magni, S., Migliazzi, M., . . . Fontanelli, M.
(2016). Unmanned aerial vehicle to estimate nitrogen status of turfgrasses. PloS one, 11(6),
e0158268.
Cerovic, Z. G., Masdoumier, G., Ghozlen, N. B., and Latouche, G. (2012). A new optical leaf-clip
meter for simultaneous non-destructive assessment of leaf chlorophyll and epidermal
flavonoids.
Physiologia
Plantarum,
146(3),
251-260.
doi:10.1111/j.13993054.2012.01639.x
Cerrato, M., and Blackmer, A. (1990). Comparison of models for describing; corn yield response
to nitrogen fertilizer. Agronomy Journal, 82(1), 138-143.
CHANGE-IPCC, I. P. O. C. (2006). IPCC Guidelines for National Greenhouse Gas Inventories.
Charles, L., Mohler, S., and Ellen, J. (2009). Crop Rotation on Organic Farms: A Planning
Manual-Plant and Life Sciences Publishing (PALS) Cooperative Extension. NY. NRAES,
July 2009.
Christopherson, J. B., Ramaseri Chandra, S. N., and Quanbeck, J. Q. (2019). 2019 Joint Agency
Commercial Imagery Evaluation—Land remote sensing satellite compendium (1455).
Retrieved from Reston, VA: http://pubs.er.usgs.gov/publication/cir1455
Chromec, F., and Magdoff, F. (1984). Alternative methods for using organic materials composting
vs. adding directly to soil. Journal of Environmental Science & Health Part A, 19(6), 697711.
Ciganda, V., Gitelson, A., and Schepers, J. (2009). Non-destructive determination of maize leaf
and canopy chlorophyll content. Journal of plant physiology, 166(2), 157-167.
149

Colwell, J. D. (1994). Estimating fertilizer requirements: A quantitative approach.
Cox, M. C., Qualset, C. O., and Rains, D. W. (1986). Genetic Variation for Nitrogen Assimilation
and Translocation in Wheat. III. Nitrogen Translocation in Relation to Grain Yield and
Protein 1. Crop Science, 26(4), 737-740.
Cromme, N., Prakash, A. B., Lutaladio, N., and Ezeta, F. (2010). Strengthening potato value
chains: technical and policy options for developing countries: Food and Agriculture
Organization of the United Nations (FAO).
Daliparthy, J., Herbert, S. J., and Veneman, L. M. (1994). Dairy manure applications to alfalfa:
crop response, soil nitrate, and nitrate in soil water. Agronomy Journal, 86(6), 927-933.
Davenport, J. R., Milburn, P. H., Rosen, C. J., and Thornton, R. E. (2005). Environmental impacts
of potato nutrient management. American Journal of Potato Research, 82(4), 321-328.
Davis, J. M., Loescher, W. H., Hammond, M. W., and Thornton, R. E. (1986). Response of
potatoes to nitrogen form and to change in nitrogen form at tuber initiation. Journal of the
American Society for Horticultural Science (USA).
Dawson, J. C., Huggins, D. R., and Jones, S. S. (2008). Characterizing nitrogen use efficiency in
natural and agricultural ecosystems to improve the performance of cereal crops in lowinput and organic agricultural systems. Field Crops Research, 107(2), 89-101.
de C Silva, M. C., Fontes, P. C. R., and Miranda, G. V. (2007). Modelos estatísticos para descrever
a produtividade de batata em função da adubação nitrogenada. Horticultura brasileira,
25(3), 360-364.
De la Morena, I., Guillen, A., and Del Moral, L. G. (1994). Yield development in potatoes as
influenced by cultivar and the timing and level of nitrogen fertilization. American Potato
Journal, 71(3), 165-173.
De Ponti, T., Rijk, B., and Van Ittersum, M. K. (2012). The crop yield gap between organic and
conventional agriculture. Agricultural systems, 108, 1-9.
De Wit, C. (1992). Resource use efficiency in agriculture. Agricultural systems, 40(1-3), 125-151.
De Wit, C. (1994). Resource use analysis in agriculture: a struggle for interdisciplinarity. Paper
presented at the The future of the land: mobilising and integrating knowledge for land use
options.
Deering, D. W. (1978). Rangeland reflectance characteristics measured by aircraft and spacecraft
sensors.
Deering, D. W., Rouse Jr, J. W., Haas, R. H., and Schell, J. A. (1975). Measuring forage production
of grazing units from LANDSAT MSS data. Proceedings of the 10th International
Symposium on Remote Sensing of Environment.

150

DeFauw, S. L., Larkin, R. P., English, P. J., Halloran, J. M., and Hoshide, A. K. (2012). Geospatial
evaluations of potato production systems in Maine. American Journal of Potato Research,
89(6), 471-488.
DEPI. (1995). Department of Environmental and Primary Industires. Potatoes: Factors affecting
dry matter, Table for a ready reckoner for estimating dry matter (DM). In.
Dilz, K. (1988). Efficiency of uptake and utilization of fertilizer nitrogen by plants. Nitrogen
efficiency in agricultural soils, 1-26.
Ding, G., Novak, J. M., Amarasiriwardena, D., Hunt, P. G., and Xing, B. (2002). Soil organic
matter characteristics as affected by tillage management. Soil science society of America
journal, 66(2), 421-429.
Dobermann, A. R. (2005). Nitrogen use efficiency-state of the art. Agronomy--Faculty
Publications, 316.
Donavon, J., Diane, P., Todd, P., Ted, K., and Andy, R. (1946). Yield Estimates -Northern Plains
Potato
Growers
Association-NPPGA.
Retrieved
from
http://nppga.org/crop_science/measurements.php
Downs, R. J., and Hellmers, H. (1975). Experiment and the experimental control of plant growth.
Academic press, New York. pp. 135-178.
Drewnowski, A., and Rehm, C. D. (2013). Vegetable cost metrics show that potatoes and beans
provide most nutrients per penny. PloS one, 8(5), e63277.
Ekin, Z. (2011). Some analytical quality characteristics for evaluating the utilization and
consumption of potato (Solanum tuberosum L.) tubers. African Journal of Biotechnology,
10(32), 6001-6010.
El-Gizaw, N. K. B. (2009). Effects of Nitrogen Rate and Plant Density on Agronomic Nitrogen
Efﬁciency and Maize Yields Following Wheat and Faba Bean.
Erdle, K., Mistele, B., and Schmidhalter, U. (2011). Comparison of active and passive spectral
sensors in discriminating biomass parameters and nitrogen status in wheat cultivars. Field
Crops Research, 124(1), 74-84.
Errebhi, M., Rosen, C. J., Gupta, S. C., and Birong, D. E. (1998). Potato yield response and nitrate
leaching as influenced by nitrogen management. Agronomy Journal, 90(1), 10-15.
Evans, L., and Fischer, R. (1999). Yield potential: its definition, measurement, and significance.
Crop Science, 39(6), 1544-1551.
Evanylo, G. (1989). Rate and timing of nitrogen fertilizer for white potatoes in Virginia. American
Potato Journal, 66(8), 461.

151

Eves-van den Akker, S., Laetsch, D. R., Thorpe, P., Lilley, C. J., Danchin, E. G., Da Rocha, M., .
. . Szitenberg, A. (2016). The genome of the yellow potato cyst nematode, Globodera
rostochiensis, reveals insights into the basis of parasitism and virulence. Genome biology,
17(1), 124.
Eyre, M., Sanderson, R., Shotton, P., and Leifert, C. (2009). Investigating the effects of crop type,
fertility management and crop protection on the activity of beneficial invertebrates in an
extensive farm management comparison trial. Annals of Applied Biology, 155(2), 267-276.
FACTS ABOUT MAINE. Retrieved from https://www.maine.gov/legis/general/facts/facts.htm
Fageria, N. (2009). The Use of Nutrients in Crop Plants. In Earth Sciences, Environment &
Agriculture (pp. 448 pages). doi:https://doi.org/10.1201/9781420075113
Fageria, N., Baligar, V., and Li, Y. (2008). The role of nutrient efficient plants in improving crop
yields in the twenty first century. Journal of Plant Nutrition, 31(6), 1121-1157.
Fageria, N. K., and Baligar, V. C. (2005). Enhancing nitrogen use efficiency in crop plants.
Advances in agronomy, 88, 97-185.
Fageria, N. K., and Stone, L. F. (2006). Physical, chemical, and biological changes in the
rhizosphere and nutrient availability. Journal of Plant Nutrition, 29(7), 1327-1356.
FAO. (1978). Food and Agriculture Organization. Fertilizer and Their Use. A Pocket Guide for
Extension Officers. 3rd Ed. Rome, Italy.
FAOSTAT. (2015). Food and Agriculture Organization of the United Nations. Data base of
agricultural production. Food and Agriculture Organization, Rome, Italy.
Federer, C., and Tanner, C. (1966). Spectral distribution of light in the forest. Ecology, 47(4), 555560.
Feibert, E., Shock, C., and Saunders, L. (1998). Nitrogen fertilizer requirements of potatoes using
carefully scheduled sprinkler irrigation. HortScience, 33(2), 262-265.
Felton, W. L., Alston, C. L., Haigh, B. M., Nash, P. G., Wicks, G. A., and Hanson, G. E. (2002).
Using reflectance sensors in agronomy and weed science. Weed Technology, 16(3), 520527.
Finckh, M., Schulte-Geldermann, E., and Bruns, C. (2006). Challenges to organic potato farming:
disease and nutrient management. Potato Research, 49(1), 27-42.
Follett, R., Gupta, S., and Hunt, P. (1987). Conservation practices: Relation to the management of
plant nutrients for crop production. Soil fertility and organic matter as critical components
of production systems, 19, 19-51.

152

Fontes, P., Braun, H., Busato, C., and Cecon, P. (2010). Economic optimum nitrogen fertilization
rates and nitrogen fertilization rate effects on tuber characteristics of potato cultivars.
Potato Research, 53(3), 167-179.
Franzen, D. W. (2018). North Dakota Fertilizer Recommendation Tables and Equations.
Franzen, D. W., Sharma, L. K., and Bu, H. (2014). Active optical sensor algorithms for corn yield
prediction and a corn side-dress nitrogen rate aid: NDSU Extension Service, North Dakota
State University.
Franzen, M. (2012). Active-Sensor Analysis Tool. NDSU: Fargo, ND, USA.
Funk, C., and Budde, M. E. (2009). Phenologically-tuned MODIS NDVI-based production
anomaly estimates for Zimbabwe. Remote sensing of Environment, 113(1), 115-125.
Gajda, A. M., Doran, J., Kettler, T., Weinhold, J. L., Pikul, J. L., and Cambardella, C. A. (2001).
Soil quality evaluations of alternative and conventional management systems in the Great
Plains. In R. Lal et al.(Eds.), Assessment Methods for Soil Carbon. Boca Raton, FL: Lewis.
Galloway, J. N., Dentener, F. J., Capone, D. G., Boyer, E. W., Howarth, R. W., Seitzinger, S. P., .
. . Holland, E. A. (2004). Nitrogen cycles: past, present, and future. Biogeochemistry, 70(2),
153-226.
Gastelo, M., Kleinwechter, U., and Bonierbale, M. (2014). Global potato research for a changing
world: International Potato Center.
Gates, D. M., Keegan, H. J., Schleter, J. C., and Weidner, V. R. (1965). Spectral properties of
plants. Applied optics, 4(1), 11-20.
Gausman, H. W. (1977). Reflectance of leaf components. Remote sensing of Environment, 6(1),
1-9.
Ghasemi, M., Arzani, K., Yadollahi, A., Ghasemi, S., and Khorrami, S. S. (2011). Estimate of leaf
chlorophyll and nitrogen content in Asian pear (Pyrus serotina Rehd.) by CCM-200.
Notulae Scientia Biologicae, 3(1), 91-94.
Ghorbani, R., Koocheki, A., Brandt, K., Wilcockson, S., and Leifert, C. (2010). Organic
agriculture and food production: Ecological, environmental, food safety and nutritional
quality issues. In sociology, organic farming, climate change and soil science (pp. 77-107):
Springer.
Ghorbani, R., Wilcockson, S., Koocheki, A., and Leifert, C. (2009). Soil management for
sustainable crop disease control: a review. In Organic farming, pest control and
remediation of soil pollutants (pp. 177-201): Springer.
Gildemacher, P. R., Kaguongo, W., Ortiz, O., Tesfaye, A., Woldegiorgis, G., Wagoire, W. W., . .
. Struik, P. C. (2009). Improving potato production in Kenya, Uganda and Ethiopia: a
system diagnosis. Potato Research, 52(2), 173-205.
153

Gitelson, A., Viña, A., Arkebauer, T., Rundquist, D., Keydan, G., and Leavitt, B. (2003). Remote
estimation of leaf area index and green leaf biomass in maize canopies. Geophysical
Research Letters, 30(5).
Gitelson, A., Viña, A., Ciganda, V., Rundquist, D., and Arkebauer, T. (2005). Remote estimation
of canopy chlorophyll content in crops. Geophysical Research Letters, 32(8).
doi:doi:10.1029/2005GL022688
Gitelson, A. A. (2004). Wide dynamic range vegetation index for remote quantification of
biophysical characteristics of vegetation. Journal of plant physiology, 161(2), 165-173.
Gitelson, A. A., Kaufman, Y. J., and Merzlyak, M. N. (1996). Use of a green channel in remote
sensing of global vegetation from EOS-MODIS. Remote sensing of Environment, 58(3),
289-298.
Gitelson, A. A., and Merzlyak, M. N. (1997). Remote estimation of chlorophyll content in higher
plant leaves. International Journal of Remote Sensing, 18(12), 2691-2697.
Gitelson, A. A., Viña, A., Arkebauer, T. J., Rundquist, D. C., Keydan, G., and Leavitt, B. (2003).
Remote estimation of leaf area index and green leaf biomass in maize canopies.
Geophysical Research Letters, 30(5).
Goffart, J.-P., Olivier, M., and Frankinet, M. (2011a). Crop nitrogen status assessment tools in a
decision support system for nitrogen fertilization management of potato crops.
HortTechnology, 21(3), 282-286.
Goffart, J.-P., Olivier, M., and Frankinet, M. (2011b). Crop Nitrogen Status Assessment Tools in
a Decision Support System for Nitrogen Fertilization Management of Potato Crops. 21(3),
282. doi:10.21273/horttech.21.3.282
Goffart, J. P., Olivier, M., and Frankinet, M. (2008). Potato crop nitrogen status assessment to
improve N fertilization management and efficiency: past–present–future. Potato Research,
51(3-4), 355-383.
Govaerts, B., Verhulst, N., Sayre, K. D., De Corte, P., Goudeseune, B., Lichter, K., . . . Dendooven,
L. (2007). Evaluating spatial within plot crop variability for different management
practices with an optical sensor? Plant and Soil, 299(1-2), 29-42.
Govender, M., Chetty, K., and Bulcock, H. (2007). A review of hyperspectral remote sensing and
its application in vegetation and water resource studies. Water Sa, 33(2), 145-151.
Gray, D., and Hughes, J. (1978). Tuber quality. In The potato crop (pp. 504-544): Springer.
Guchi, E. (2015). Disease management practice on potato (Solanum tuberosum L.) in Ethiopia.
World Journal of Agricultural Research, 3(1), 34-42.
Guertal, E. A., Bauske, E. M., and Edwards, J. H. (1997). Crop rotation effects on sweet potato
yield and quality. Journal of Production Agriculture, 10(1), 70-73.
154

Güler, S. (2009). Effects of nitrogen on yield and chlorophyll of potato (Solanum tuberosum L.)
cultivars. Bangladesh Journal of Botany, 38(2), 163-169.
Gupta, S. (2018). Active and Passive Remote Sensing.
Haase, T., Schüler, C., and Heß, J. (2007). The effect of different N and K sources on tuber nutrient
uptake, total and graded yield of potatoes (Solanum tuberosum L.) for processing.
European journal of agronomy, 26(3), 187-197.
Hansen, P., and Schjoerring, J. (2003). Reflectance measurement of canopy biomass and nitrogen
status in wheat crops using normalized difference vegetation indices and partial least
squares regression. Remote sensing of Environment, 86(4), 542-553.
Harris, P. M. (1978). Mineral Nutrition. In: The Potato Crop: The scientific Basis for
improvement. (P. M. Harris, Ed.). Chapman and Hall London. pp. 195–243.
Harrison, H., Bergman, E., and Cole, R. (1982). Growth responses, cooking quality
determinations, and leaf nutrient concentrations of potatoes as related to exchangeable
calcium, magnesium, and potassium in the soil. American Potato Journal, 59(3), 113-124.
Hassaballa, A., and Matori, A. (2011). The estimation of air temperature from NOAA/AVHRR
images and the study of NDVI-Ts impact: Case study: The application of split-window
algorithms over (Perak Tengah & Manjong) area, Malaysia. Paper presented at the
Proceeding of the 2011 IEEE international conference on space science and
communication (IconSpace).
Hassaballa, A. A., Althuwaynee, O. F., and Pradhan, B. (2014). Extraction of soil moisture from
RADARSAT-1 and its role in the formation of the 6 December 2008 landslide at Bukit
Antarabangsa, Kuala Lumpur. Arabian Journal of Geosciences, 7(7), 2831-2840.
Hatfield, J., Gitelson, A. A., Schepers, J. S., and Walthall, C. (2008). Application of spectral
remote sensing for agronomic decisions. Agronomy Journal, 100(Supplement_3), S-117S-131.
Haverkort, A. J., and MacKerron, D. K. (2012). Potato Ecology And modelling of crops under
conditions limiting growth: Proceedings of the Second International Potato Modeling
Conference, held in Wageningen 17–19 May, 1994 (Vol. 3): Springer Science & Business
Media.
Hendershot, W. H., and Duquette, M. (1986). A simple barium chloride method for determining
cation exchange capacity and exchangeable cations 1. Soil science society of America
journal, 50(3), 605-608.
Henebry, G., De Beurs, K., and Gitelson, A. (2005). Land surface phenologies in uzbekistand and
Turkmenistan between 1982 and 1999. Аридные экосистемы, 11(26-27).

155

Hepperly, P., Lotter, D., Ulsh, C. Z., Seidel, R., and Reider, C. (2009). Compost, manure and
synthetic fertilizer influences crop yields, soil properties, nitrate leaching and crop nutrient
content. Compost Science & Utilization, 17(2), 117-126.
Herencia, J. F., Ruiz-Porras, J., Melero, S., Garcia-Galavis, P., Morillo, E., and Maqueda, C.
(2007). Comparison between organic and mineral fertilization for soil fertility levels, crop
macronutrient concentrations, and yield. Agronomy Journal, 99(4), 973-983.
Herman, D. J., Knowles, L. O., and Knowles, N. R. (2017). Heat stress affects carbohydrate
metabolism during cold-induced sweetening of potato (Solanum tuberosum L.). Planta,
245(3), 563-582.
Hermanson, H. P. (1965). Maximization of Potato Yield Under Constraint 1. Agronomy Journal,
57(2), 210-213.
Herrmann, I., Karnieli, A., Bonfil, D. J., Cohen, Y., and Alchanatis, V. (2010). SWIR-based
spectral indices for assessing nitrogen content in potato fields. International Journal of
Remote Sensing, 31(19), 5127-5143. doi:10.1080/01431160903283892
Hirel, B., Le Gouis, J., Ney, B., and Gallais, A. (2007). The challenge of improving nitrogen use
efficiency in crop plants: towards a more central role for genetic variability and quantitative
genetics within integrated approaches. Journal of Experimental Botany, 58(9), 2369-2387.
Hirpa, A., Meuwissen, M. P., Tesfaye, A., Lommen, W. J., Lansink, A. O., Tsegaye, A., and Struik,
P. C. (2010). Analysis of seed potato systems in Ethiopia. American Journal of Potato
Research, 87(6), 537-552.
Hodgen, P., Raun, W., Johnson, G., Teal, R., Freeman, K., Brixey, K., . . . Stone, M. (2005).
Relationship between response indices measured in-season and at harvest in winter wheat.
Journal of Plant Nutrition, 28(2), 221-235.
Holzapfel, C., Lafond, G., Brandt, S., Bullock, P., Irvine, R., Morrison, M., . . . James, D. (2009).
Estimating canola (Brassica napus L.) yield potential using an active optical sensor.
Canadian journal of plant science, 89(6), 1149-1160.
Hopkins, B. G., Rosen, C. J., Shiffler, A. K., and Taysom, T. W. (2008). Enhanced efficiency
fertilizers for improved nutrient management: potato (Solanum tuberosum). Crop
Management, 7(1), 0-0.
Hoskins, B. R. (1997). Soil testing handbook for professionals in agriculture, horticulture, nutrient
and residuals management. Maine Agriculture and Forest Experimental Station: Orono,
ME, USA.
Hoyle, F. (2013). Managing Soil Organic Matter: A Practical Guide. Australian
Huete, A. R. (1988). A soil-adjusted vegetation index (SAVI). Remote sensing of Environment,
25(3), 295-309.
156

Ierna, A., Pandino, G., Lombardo, S., and Mauromicale, G. (2011). Tuber yield, water and
fertilizer productivity in early potato as affected by a combination of irrigation and
fertilization. Agricultural Water Management, 101(1), 35-41.
Izmirlioglu, G., and Demirci, A. (2015). Enhanced bio-ethanol production from industrial potato
waste by statistical medium optimization. International journal of molecular sciences,
16(10), 24490-24505.
Jagatee, S., Behera, S., Dash, P. K., Sahoo, S., and Mohanty, R. C. (2015). Bioprospecting starchy
feedstocks for bioethanol production: a future perspective. J Microbiol Res Rev, 3(3), 2442.
Jansen, M. A. (2002). Ultraviolet‐B radiation effects on plants: induction of morphogenic
responses. Physiologia Plantarum, 116(3), 423-429.
Jatav, A., Kushwah, S., and Naruka, I. (2017). Performance of Potato Varieties for Growth, Yield,
Quality and Economics under Different Levels of Nitrogen. Advances in Research, 9(6),
1-9.
Jenkinson, D., and Johnston, A. (1977). Soil organic matter in the Hoosfield continuous barley
experiment. Rep Rothamsted Exp Stn.
Ji, R., Min, J., Wang, Y., Cheng, H., Zhang, H., and Shi, W. (2017). In-Season Yield Prediction
of Cabbage with a Hand-Held Active Canopy Sensor. Sensors, 17(10), 2287.
Jin, V. L., Schmer, M. R., Wienhold, B. J., Stewart, C. E., Varvel, G. E., Sindelar, A. J., . . . Vogel,
K. P. (2015). Twelve years of stover removal increases soil erosion potential without
impacting yield. Soil science society of America journal, 79(4), 1169-1178.
Joern, B., and Vitosh, M. (1995). Influence of applied nitrogen on potato Part I: Yield, quality, and
nitrogen uptake. American Potato Journal, 72(1), 51-63.
John, W., Tom , B., Mike, H., Karl, C., Joe, L., and Quirine, K. (2009). Nitrogen Fertilizers for
Field

Crops: Nutrient Management Spear Program Agronomy
http://nmsp.css.cornell.eduFact Sheet 44.p. 2.

Fact

Sheet

Series.

Johnson, C., Tindall, T., Thornton, M., and Brooks, R. (1995). Petiole NO 3-N sufficiency curves
in newly developed potato cultivars. Proc. Univ. Idaho Winter Commodity Schools, 27,
209-216.
Johnson, G. (1991). General model for predicting crop response to fertilizer. Agronomy Journal,
83(2), 367-373.
Johnson, G., and Raun, W. (1995). Nitrate leaching in continuous winter wheat: use of a soil-plant
buffering concept to account for fertilizer nitrogen. Journal of Production Agriculture,
8(4), 486-491.

157

Johnson, G., and Raun, W. (2003). Nitrogen response index as a guide to fertilizer management.
Journal of Plant Nutrition, 26(2), 249-262.
Johnston, A. E., Poulton, P. R., and Coleman, K. (2009). Soil organic matter: its importance in
sustainable agriculture and carbon dioxide fluxes. Advances in agronomy, 101, 1-57.
Jongschaap, R. E. E. (2006). Integrating crop growth simulation and remote sensing to improve
resource use efficiency in farming systems.
Jordan, C. F. (1969). Derivation of leaf‐area index from quality of light on the forest floor. Ecology,
50(4), 663-666.
Ju, M., Xu, Z., Wei-Ming, S., Guang-Xi, X., and Zhao-Liang, Z. (2011). Nitrogen balance and loss
in a greenhouse vegetable system in southeastern China. Pedosphere, 21(4), 464-472.
Ju, X.-T., Xing, G.-X., Chen, X.-P., Zhang, S.-L., Zhang, L.-J., Liu, X.-J., . . . Zhu, Z.-L. (2009).
Reducing environmental risk by improving N management in intensive Chinese
agricultural systems. Proceedings of the National Academy of Sciences, 106(9), 30413046.
Ju, X., and Christie, P. (2011). Calculation of theoretical nitrogen rate for simple nitrogen
recommendations in intensive cropping systems: A case study on the North China Plain.
Field Crops Research, 124(3), 450-458.
Kamiji, Y., Yoshida, H., Palta, J. A., Sakuratani, T., and Shiraiwa, T. (2011). N applications that
increase plant N during panicle development are highly effective in increasing spikelet
number in rice. Field Crops Research, 122(3), 242-247.
Kandi, M. A. S., Tobeh, A., Gholipoor, A., Jahanbakhsh, S., Hassanpanah, D., and Sofalian, O.
(2011). Effects of different N fertilizer rate on starch percentage, soluble sugar, dry matter,
yield and yield components of potato cultivars (Vol. 5).
Kanning, M., Kühling, I., Trautz, D., and Jarmer, T. (2018). High-resolution UAV-based
hyperspectral imagery for LAI and chlorophyll estimations from wheat for yield prediction.
Remote Sensing, 10(12), 2000.
Karlen, D., Varvel, G., Bullock, D. G., and Cruse, R. (1994). Crop rotations for the 21st century.
Advances in agronomy, 53(1.45).
Kaur, R., Singh, B., Singh, M., and Thind, S. (2015). Hyperspectral indices, correlation and
regression models for estimating growth parameters of wheat genotypes. Journal of the
Indian Society of Remote Sensing, 43(3), 551-558.
Kawano, K., Fukuda, W., Maria, G., and Cenpukdee, U. (1987). Genetic and Environmental
Effects on Dry Matter Content of Cassava Root 1. Crop Science, 27(1), 69-74.
Keeney, D. R., and Nelson, D. W. (1982). Nitrogen—Inorganic Forms 1. Methods of soil analysis.
Part 2. Chemical and microbiological properties(methodsofsoilan2), 643-698.
158

Kelling, K., and Wolkowski, R. (1991). Influence of potato variety on petiole nitrate-N critical
levels. Amer. Potato J, 68(9), 620-621.
Kelling, K. A., and Speth, P. E. (2004). Nitrogen recommendations for new Wisconsin varieties.
Paper presented at the Proceedings of the Annual Wisconsin Potato Meetings.
Kelling, K. A., Speth, P. E., Bussan, A. J., Stevenson, W. R., and James, R. V. (2003). Effect of
fumigation and Quadris on optimum N management and tuber sugar levels. Paper
presented at the Proceedings of the Annual Wisconsin Potato Meetings.
Khaleel, R., Reddy, K. R., and Overcash, M. R. (1981). Changes in Soil Physical Properties Due
to Organic Waste Applications: A Review 1. Journal of environmental quality, 10(2), 133141.
King, J. C., and Slavin, J. L. (2013). White potatoes, human health, and dietary guidance. Advances
in Nutrition, 4(3), 393S-401S.
Kipp, S., Mistele, B., and Schmidhalter, U. (2014). The performance of active spectral reflectance
sensors as influenced by measuring distance, device temperature and light intensity.
Computers and Electronics in Agriculture, 100, 24-33.
Kitchen, N., Goulding, K., Follett, R., and Hatfield, J. (2001). On-farm technologies and practices
to improve nitrogen use efficiency. Nitrogen in the environment: Sources, problems and
management. Elsevier, Amsterdam, The Netherlands.
Kladivko, E. J., Griffith, D. R., and Mannering, J. V. (1986). Conservation tillage effects on soil
properties and yield of corn and soya beans in Indiana. Soil and Tillage Research, 8, 277287.
Kleinkopf, G., Westermann, D., and Dwelle, R. (1981). Dry Matter Production and Nitrogen
Utilization by Six Potato Cultivars 1. Agronomy Journal, 73(5), 799-802.
Kleinkopf, G., Westermann, D., Wille, M., and Kleinschmidt, G. (1987). Specific gravity of Russet
Burbank potatoes. American Potato Journal, 64(11), 579-587.
Knudsen, D., and Beegle, D. (1988). Recommended phosphorus tests. . Recommended Chemical
Soil Tests Procedures for the North Central Region. Bulletin No. 499 (Revised). p. 12-15.
Kogan, F., Stark, R., Gitelson, A., Jargalsaikhan, L., Dugrajav, C., and Tsooj, S. (2004). Derivation
of pasture biomass in Mongolia from AVHRR-based vegetation health indices.
International Journal of Remote Sensing, 25(14), 2889-2896.
Kolasa, K. M. (1993). The potato and human nutrition. American Potato Journal, 70(5), 375-384.
Kołodziejczyk, M. (2014). Effect of nitrogen fertilization and microbial preparations on potato
yielding. Plant, Soil and Environment, 60(8), 379-386.

159

Kyamanywa, S., Kashaija, I. N., Getu, E., Amata, R., Senkesha, N., and Kullaya, A. (2011).
Enhancing food security through improved seed systems of appropriate varieties of
cassava, potato and sweetpotato resilient to climate change in Eastern Africa.
Lampurlanés, J., and Cantero-Martinez, C. (2003). Soil bulk density and penetration resistance
under different tillage and crop management systems and their relationship with barley root
growth. Agronomy Journal, 95(3), 526-536.
Large, E. C. (1954). Growth stages in cereals illustration of the Feekes scale. Plant pathology,
3(4), 128-129.
Larson, W., Clapp, C., Pierre, W., and Morachan, Y. (1972). Effects of Increasing Amounts of
Organic Residues on Continuous Corn: II. Organic Carbon, Nitrogen, Phosphorus, and
Sulfur 1. Agronomy Journal, 64(2), 204-209.
Lauer, D. (1986). Russet Burbank yield response to sprinkler-applied nitrogen fertilizer. American
Potato Journal, 63(2), 61-69.
Lemaire, G., and Gastal, F. (1997). N uptake and distribution in plant canopies. In Diagnosis of
the nitrogen status in crops (pp. 3-43): Springer.
Li, F., Miao, Y., Feng, G., Yuan, F., Yue, S., Gao, X., . . . Chen, X. (2014). Improving estimation
of summer maize nitrogen status with red edge-based spectral vegetation indices. Field
Crops Research, 157, 111-123.
Liebscher, G. (1895). Untersuchungen über die Bestimmung des Düngerbedürfnisses der
Ackerböden und Kulturpflanzen. Journal für Landwirtschaft, 43, 49-125.
Link, A., Panitzki, M., and Reusch, S. (2003). Hydro N-Sensor: tractor-mounted remote sensing
for variable nitrogen fertilization. Proceedings of the, 6th International Conference on
Precision Agriculture and Other Precision Resources Management, Minneapolis, MN,
USA, 14-17 July, 2002, 1012-1017.
Liu, W., and Kogan, F. (2002). Monitoring Brazilian soybean production using NOAA/AVHRR
based vegetation condition indices. International Journal of Remote Sensing, 23(6), 11611179.
Lofton, J., Tubana, B. S., Kanke, Y., Teboh, J., Viator, H., and Dalen, M. (2012). Estimating
sugarcane yield potential using an in-season determination of normalized difference
vegetative index. Sensors, 12(6), 7529-7547.
Lory, J., and Scharf, P. (2003). Yield goal versus delta yield for predicting fertilizer nitrogen need
in corn. Agronomy Journal, 95(4), 994-999.
Los, S. O. (1998). Linkages between global vegetation and climate: an analysis based on NOAA
advanced very high resolution radiometer data: Available from NASA Center for
AeroSpace Information.
160

Love, S. L., and Stark, J. C. (2004). Nitrogen Fertilizer Management for New Potato Varieties.
Presented at the Idaho Potato Conference on January 22, 2004.
Ludlow, M., and Muchow, R. (1990). A critical evaluation of traits for improving crop yields in
water-limited environments. In Advances in agronomy (Vol. 43, pp. 107-153): Elsevier.
Lukina, E., Freeman, K., Wynn, K., Thomason, W., Mullen, R., Stone, M., . . . Elliott, R. (2001).
Nitrogen fertilization optimization algorithm based on in-season estimates of yield and
plant nitrogen uptake. Journal of Plant Nutrition, 24(6), 885-898.
Lunagaria, M., Patel, H., and Pandey, V. (2015). Evaluation and calibration of noninvasive leaf
chlorophyll meters for wheat. Journal of Agrometeorology, 17(1), 51.
Lutaladio, N., and Castaldi, L. (2009). Potato: The hidden treasure. Journal of Food Composition
and Analysis, 22(6), 491-493.
Lynch, D., and Rowberry, R. (1977). Population density studies with Russet Burbank II. The effect
of fertilization and plant density on growth, development and yield. American Potato
Journal, 54(2), 57-71.
Lynch, D., and Tai, G. (1989). Yield and yield component response of eight potato genotypes to
water stress. Crop Science, 29(5), 1207-1211.
Lynch, D. H., Zheng, Z., Zebarth, B. J., and Martin, R. C. (2008). Organic amendment effects on
tuber yield, plant N uptake and soil mineral N under organic potato production. Renewable
Agriculture and Food Systems, 23(3), 250-259.
Macnack, N., Khim, B. C., Mullock, J., and Raun, W. (2014). In-season prediction of nitrogen use
efficiency and grain protein in winter wheat (Triticum aestivum L.). Communications in
soil science and plant analysis, 45(18), 2480-2494.
MAFF. (1976). Ministry of Agriculture, Forestry and Fisheries. Trace element deficiencies in
crops. ADAS Advisory Paper No. 17.
Magdoff, F. (1991). Managing nitrogen for sustainable corn systems: Problems and possibilities.
American Journal of Alternative Agriculture, 6(1), 3-8.
Magdoff, F., and Amadon, J. (1980). Yield Trends and Soil Chemical Changes Resulting from N
and Manure Application to Continuous Corn 1. Agronomy Journal, 72(1), 161-164.
Magdoff, F., Lanyon, L., and Liebhardt, B. (1997). Nutrient cycling, transformations, and flows:
implications for a more sustainable agriculture. In Advances in agronomy (Vol. 60, pp. 173): Elsevier.
Magdoff, F., and Van Es, H. (2000). Building soils for better crops. Retrieved from
Magdoff, F., and Weil, R. (2004). Soil Organic Matter Management Strategies. In.

161

Magri, A., Van Es, H. M., Glos, M. A., and Cox, W. J. (2005). Soil test, aerial image and yield
data as inputs for site-specific fertility and hybrid management under maize. Precision
agriculture, 6(1), 87-110.
Maier, N. A., McLaughlin, M. J., Heap, M., Butt, M., and Smart, M. K. (2002). Effect of nitrogen
source and calcitic lime on soil pH and potato yield, leaf chemical composition, and tuber
cadmium concentrations. Journal of Plant Nutrition, 25(3), 523-544.
Mamo, M., Malzer, G. L., Mulla, D., Huggins, D., and Strock, J. (2003). Spatial and temporal
variation in economically optimum nitrogen rate for corn. Agronomy Journal, 95(4), 958964.
Manley, J., Schuman, G., Reeder, J., and Hart, R. (1995). Rangeland soil carbon and nitrogen
responses to grazing. Journal of soil and water conservation, 50(3), 294-298.
Marquaridt, D. W. (1970). Generalized inverses, ridge regression, biased linear estimation, and
nonlinear estimation. Technometrics, 12(3), 591-612.
McCauley, A., Jones, C., and Jacobsen, J. (2009). Soil pH and organic matter. Nutrient
management module, 8, 1-12.
McDole, R. E., Westermann, D. T., Kleinschmidt, G. D., Kleinkopf, G. E., and Ojala, J. C. (1987).
Idaho fertilizer guide: Potatoes. Current Information Series(261).
McIntosh, J. L. (1969). Bray and Morgan soil extractants modified for testing acid soils from
different parent materials. Agronomy Journal, 61(2), 259-265.
McNall, P. (1933). THE LAW OP DIMINISHING RETURNS IN AGRICULTURE. Journal of
Agricultural Research, 47(3).
Meisinger, J. J., Hargrove, W. L., Mikkelsen, R. L., Williams, J. R., and Benson, V. W. (1991).
Effects of cover crops on groundwater quality.Cover Crops for Clean Water. Soil and
Water Conservation Society, 266, 793-799.
Meyer, K. M. (2002). Impact of nitrogen management strategies on yield, N-use efficiency, and
Rhizoctonia diseases of Irish potato.
Michel, A., Sinton, S., Falloon, R., Shah, F., Dellow, S., and Pethybridge, S. (2015). Biotic and
abiotic factors affecting potato yields in Canterbury, New Zealand. Paper presented at the
Building Productive, Diverse and Sustainable Landscapes, 17th Australian Agronomy
Conference, 20-24 September 2015, Hobart, Australia. Conference Proceedings.
Millard, P., and Marshall, B. (1986). Growth, nitrogen uptake and partitioning within the potato
(Solatium tuberosum L.) crop, in relation to nitrogen application. The Journal of
Agricultural Science, 107(2), 421-429.
Miller, C. (2000). Understanding the carbon-nitrogen ratio. Acres USA, 30(4), 20-21.

162

Miri, H. R. (2009). Grain Yield And Morpho-Physiological Changes From 60 Years Of Genetic
Improvement Of Wheat In Iran. Experimental Agriculture, 45(2), 149-163.
doi:10.1017/S001447970800745X
Möller, K., Habermeyer, J., Zinkernagel, V., and Reents, H.-J. (2006). Impact and interaction of
nitrogen and Phytophthora infestans as yield-limiting and yield-reducing factors in organic
potato (Solanum tuberosum L.) crops. Potato Research, 49(4), 281-301.
Montgomery, D., Peck, E., and Vining, G. G. (2001). Introduction to Linear Regression Analysis.
New York:: John Willey & Sons, New York.
Morier, T., Cambouris, A., and Chokmani, K. (2015). In-season nitrogen status assessment and
yield estimation using hyperspectral vegetation indices in a potato crop. Agronomy
Journal, 107(4), 1295-1309.
Morris, T. F., Murrell, T. S., Beegle, D. B., Camberato, J. J., Ferguson, R. B., Grove, J., . . .
McGrath, J. M. (2018). Strengths and limitations of nitrogen rate recommendations for
corn and opportunities for improvement. Agronomy Journal, 110(1), 1-37.
Moss, R., and Loomis, W. (1952). Absorption spectra of leaves. I. The visible spectrum. Plant
physiology, 27(2), 370.
Mousavi, S. R., Galavi, M., and Ahmadvand, G. (2007). Effect of zinc and manganese foliar
application on yield, quality and enrichment on potato (Solanum tuberosum L.). Asian
Journal of Plant Sciences, 6(8), 1256-1260.
Mullen, R. W., Freeman, K. W., Raun, W. R., Johnson, G. V., Stone, M. L., and Solie, J. B. (2003).
Identifying an in-season response index and the potential to increase wheat yield with
nitrogen. Agronomy Journal, 95(2), 347-351.
Murthy, M., Sankarshana, N., Deshpande, C. E., Bakare, P. P., and Shrotri, J. J. (1979). Synthesis
and Sintering of Active Manganese (II) Zinc Ferrite Powders. Bulletin of the Chemical
Society of Japan, 52(2), 571-573.
Myneni, R., Keeling, C., Tucker, C., Asrar, G., and Neman, R. (1997). 1997. Nature (London)
386:698-702.
Nafziger, E. D., Sawyer, J. E., and Hoeft, R. G. (2004). Formulating N recommendations for corn
in the corn belt using recent data.
Newton, I., Islam, A. F. M. T., K. M. Saiful Islam, A., Islam, T., Tahsin, A., and Razzaque, S.
(2018). Yield Prediction Model for Potato Using Landsat Time Series Images Driven
Vegetation Indices.
Nijland, G., Schouls, J., and Goudriaan, J. (2008). Integrating the production functions of Liebig,
Michaelis-Menten, Mitscherlich and Liebscher into one system dynamics model. NJASWageningen Journal of Life Sciences, 55(2), 199-224.
163

Noura, Z., Mervin, S. L., Cambouris, A., and Zebarth, B. (2016). Controlled release nitrogen
fertilizer use in potato production systems of eastern Canada. Paper presented at the
Proceedings of the 2016 International Nitrogen Initiative Conference," Solutions to
improve nitrogen use efficiency for the world.
Nowicki, M., Foolad, M. R., Nowakowska, M., and Kozik, E. U. (2012). Potato and tomato late
blight caused by Phytophthora infestans: an overview of pathology and resistance breeding.
Plant Disease, 96(1), 4-17.
Nyawade, S., Charles, G., Karanja, N., and Elmar, S.-G. (2016). Effect of Potato (Solanum
tuberosum L.) Cropping Systems on Soil and Nutrient Losses Through Runoff in a Humic
Nitisol, Kenya. Paper presented at the EGU General Assembly Conference Abstracts.
Obidiegwu, J. E., Bryan, G. J., Jones, H. G., and Prashar, A. (2015). Coping with drought: stress
and adaptive responses in potato and perspectives for improvement. Frontiers in Plant
Science, 6, 542.
Olfs, H. W., Blankenau, K., Brentrup, F., Jasper, J., Link, A., and Lammel, J. (2005). Soil‐and
plant‐based nitrogen‐fertilizer recommendations in arable farming. Journal of Plant
Nutrition and Soil Science, 168(4), 414-431.
Oliveira, C., and Alberto, D. A. S. (2000). Potato crop growth as affected by nitrogen and plant
density. Pesquisa Agropecuária Brasileira, 35(5), 940-950.
Osborne, S., Schepers, J. S., Francis, D., and Schlemmer, M. R. (2002). Use of spectral radiance
to estimate in-season biomass and grain yield in nitrogen-and water-stressed corn. Crop
Science, 42(1), 165-171.
Oufir, M., Legay, S., Nicot, N., Van Moer, K., Hoffmann, L., Renaut, J., . . . Evers, D. (2008).
Gene expression in potato during cold exposure: changes in carbohydrate and polyamine
metabolisms. Plant Science, 175(6), 839-852.
Padilla, F. M., Peña-Fleitas, M. T., Gallardo, M., and Thompson, R. B. (2014). Evaluation of
optical sensor measurements of canopy reflectance and of leaf flavonols and chlorophyll
contents to assess crop nitrogen status of muskmelon. European journal of agronomy, 58,
39-52.
Parvizi, Y., Ronaghi, A., Maftoun, M., and Karimian, N. A. (2004). Growth, nutrient status, and
chlorophyll meter readings in wheat as affected by nitrogen and manganese.
Communications in soil science and plant analysis, 35(9-10), 1387-1399.
Paustian, K., Collins, H., and Paul, E. A. (1997). Management controls on soil carbon. Soil organic
matter in temperate agroecosystems: Long-term experiments in North America., 15-49.
Paustian, K., Six, J., Elliott, E., and Hunt, H. (2000). Management options for reducing CO2
emissions from agricultural soils. Biogeochemistry, 48(1), 147-163.

164

Perrenoud, S. (1993). Fertilizing for High Yield Potato. IPI Bulletin 8. In: International Potash
Institute, Basel, Switzerland.
Petr, J., Černý, V., and Hruška, L. (1988). Yield formation in the main field crops: Elsevier Science
Publishers BV.
Pimstein, A., Karnieli, A., Bansal, S. K., and Bonfil, D. J. (2011). Exploring remotely sensed
technologies for monitoring wheat potassium and phosphorus using field spectroscopy.
Field Crops Research, 121(1), 125-135.
Polizotto, K. R., Wilcox, G. E., and Jones, C. M. (1975). Response of growth and mineral
composition of potato to nitrate and ammonium nitrogen. Journal American Society for
Horticultural Science.
Poljak, M., Herak-Ćustić, M., Horvat, T., Čoga, L., and Majić, A. (2007). Effects of nitrogen
nutrition on potato tuber composition and yield. Cereal Research Communications, 35(2),
937-940.
Porter, G. A., and Sisson, J. A. (1989). Growth and dry matter partitioning of Russet Burbank and
Russette potatoes subjected to varying nitrogen fertilizer rates. Am Potato J, 66, 540.
Porter, G. A., and Sisson, J. A. (1991). Response of Russet Burbank and Shepody potatoes to
nitrogen fertilizer in two cropping systems. American Potato Journal, 68(7), 425-443.
Power, J. F. Y., and Schepers, J. S. (1989). Nitrate contamination of groundwater in North
America. Agriculture, ecosystems & environment, 26(3-4), 165-187.
Prasad, B., Carver, B. F., Stone, M. L., Babar, M., Raun, W. R., and Klatt, A. R. (2007). Potential
use of spectral reflectance indices as a selection tool for grain yield in winter wheat under
great plains conditions. Crop Science, 47(4), 1426-1440.
Prince, S. (1990). High temporal frequency remote sensing of primary production using NOAA
AVHRR. High temporal frequency remote sensing of primary production using NOAA
AVHRR, 169-183.
Puntel, L. A., Sawyer, J. E., Barker, D. W., Thorburn, P. J., Castellano, M. J., Moore, K. J., . . .
Archontoulis, S. V. (2018). A systems modeling approach to forecast corn economic
optimum nitrogen rate. Frontiers in Plant Science, 9, 436.
Puzina, T. I. (2004). Effect of zinc sulfate and boric acid on the hormonal status of potato plants
in relation to tuberization. Russian Journal of Plant Physiology, 51(2), 209-215.
Rajsic, P., Weersink, A., and Gandorfer, M. (2009). Risk and Nitrogen Application Levels.
Canadian Journal of Agricultural Economics/Revue canadienne d'agroeconomie, 57(2),
223-239. doi:10.1111/j.1744-7976.2009.01149.x

165

Ramirez, D., Yactayo, W., Gutierrez Rosales, R., Mares, V., Mendiburu, F., Adolfo, P., and
Roberto, Q. (2014). Chlorophyll concentration in leaves is an indicator of potato tuber yield
in
water-shortage
conditions.
Scientia
Horticulturae,
168,
202-209.
doi:10.1016/j.scienta.2014.01.036
Randall, G. W., and Mulla, D. J. (2001). Nitrate nitrogen in surface waters as influenced by
climatic conditions and agricultural practices. Journal of environmental quality, 30(2),
337-344.
Raper, T. B., Varco, J. J., and Hubbard, K. J. (2013). Canopy-based normalized difference
vegetation index sensors for monitoring cotton nitrogen status. Agronomy Journal, 105(5),
1345-1354.
Rasmussen, M. S. (1997). Operational yield forecast using AVHRR NDVI data: reduction of
environmental and inter-annual variability. International Journal of Remote Sensing,
18(5), 1059-1077.
Raun, W., Solie, J., Stone, M., Martin, K., Freeman, K., Mullen, R., . . . Johnson, G. (2005). Optical
sensor‐based algorithm for crop nitrogen fertilization. Communications in soil science and
plant analysis, 36(19-20), 2759-2781.
Raun, W. R., and Johnson, G. V. (1999). Improving nitrogen use efficiency for cereal production.
Agronomy Journal, 91(3), 357-363.
Raun, W. R., Solie, J. B., Johnson, G. V., Stone, M. L., Lukina, E. V., Thomason, W. E., and
Schepers, J. S. (2001). In-season prediction of potential grain yield in winter wheat using
canopy reflectance. Agronomy Journal, 93(1), 131-138.
Raun, W. R., Solie, J. B., Johnson, G. V., Stone, M. L., Mullen, R. W., Freeman, K. W., . . . Lukina,
E. V. (2002). Improving nitrogen use efficiency in cereal grain production with optical
sensing and variable rate application. Agronomy Journal, 94(4), 815-820.
Reddy, S., and Rao, R. (1968). Response of potato to different levels of nitrogen, phosphorus and
potassium in a sandy loam soil of Hyderabad. Indian Journal of Agricultural Sciences, 38,
577-588.
Reeve, R., Timm, H., and Weaver, M. (1973). Parenchyma cell growth in potato tubers I. Different
tuber regions. American Potato Journal, 50(2), 49-57.
Reicosky, D. C., Hatfield, J. L., and Sass, R. L. (2000). Agricultural contributions to greenhouse
gas emissions. Climate Change and Global Crop Productivity. CABI Publishing,
Wallingford, Oxon, UK, 37-55.
Reynolds, C., Yitayew, M., Slack, D., Hutchinson, C., Huete, A., and Petersen, M. (2000).
Estimating crop yields and production by integrating the FAO Crop Specific Water
Balance model with real-time satellite data and ground-based ancillary data. International
Journal of Remote Sensing, 21(18), 3487-3508.
166

Rich, A. E. (1983). Potato diseases. Academic Press, London: Academic Press.
Roberts, S., and Cheng, H. (1988). Estimation of critical nutrient range of petiole nitrate for
sprinkler-irrigated potatoes. American Potato Journal, 65(3), 119-124.
Roberts, T. (2008). Improving nutrient use efficiency. Turkish Journal of Agriculture and
Forestry, 32(3), 177-182.
Rogerson, P. A. (2001). Data reduction: factor analysis and cluster analysis. In (pp. 192-197):
Sage: London.
Rondeaux, G., Steven, M., and Baret, F. (1996). Optimization of soil-adjusted vegetation indices.
Remote sensing of Environment, 55(2), 95-107.
Roques, S., Kendall, S., Smith, K., Newell Price, P., and Berry, P. (2013). A review of the nonNPKS nutrient requirements of UK cereals and oilseed rape Research Review No. 78.
HGCA, Kenilworth.
Sadeghpour, A., Ketterings, Q. M., Godwin, G. S., and Czymmek, K. J. (2017). Under-or overapplication of nitrogen impact corn yield, quality, soil, and environment. Agronomy
Journal, 109(1), 343-353.
Saeidi, A., Tobeh, Y., Raei, M., Hassanzadeh, S., Jamaati, S., and Rohi, A. (2009). Investigation
of tuber size and nitrogen fertilizer on nitrogen use efficiency and yield of potato tuber,
cultivar Agria. Research Journal of Environmental Sciences, 3(1), 88-95.
Sala, O. E., and Austin, A. T. (2000). Methods of estimating aboveground net primary
productivity. In Methods in ecosystem science (pp. 31-43): Springer.
Samborski, S. M., Gozdowski, D., Walsh, O. S., Lamb, D., Stępień, M., Gacek, E. S., and Drzazga,
T. (2015). Winter wheat genotype effect on canopy reflectance: implications for using
NDVI for in-season nitrogen topdressing recommendations. Agronomy Journal, 107(6),
2097-2106.
Samborski, S. M., Tremblay, N., and Fallon, E. (2009). Strategies to make use of plant sensorsbased diagnostic information for nitrogen recommendations. Agronomy Journal, 101(4),
800-816.
Sanderson, J., and White, R. (1987). Comparison of urea and ammonium nitrate as nitrogen
sources for potatoes. American Potato Journal, 64(4), 165-176.
Sati, K., Raghav, M., and Sati, U. C. (2017). Effect of zinc sulphate application on quality of
potato. Research on Crops, 18(1).
Savin, N. E., and White, K. J. (1977). The Durbin-Watson Test for Serial Correlation with Extreme
Sample Sizes or Many Regressors. Econometrica, 45(8), 1989-1996. doi:10.2307/1914122

167

Sawyer, J., Nafziger, E., Randall, G., Bundy, L., Rehm, G., and Joern, B. (2006). Concepts and
rationale for regional nitrogen rate guidelines for corn. Iowa State University-University
Extension, Ames, Iowa.
Scharf, P. C., Brouder, S. M., and Hoeft, R. G. (2006). Chlorophyll meter readings can predict
nitrogen need and yield response of corn in the north-central USA. Agronomy Journal,
98(3), 655-665.
Scharf, P. C., Kitchen, N. R., Sudduth, K. A., Davis, J. G., Hubbard, V. C., and Lory, J. A. (2005).
Field-scale variability in optimal nitrogen fertilizer rate for corn. Agronomy Journal, 97(2),
452-461.
Schepers, J., Francis, D., Vigil, M., and Below, F. E. (1992). Comparison of corn leaf nitrogen
concentration and chlorophyll meter readings. Communications in soil science and plant
analysis, 23(17-20), 2173-2187.
Schepers, J., Varvel, G., and Watts, D. (1995). Nitrogen and water management strategies to
reduce nitrate leaching under irrigated maize. Journal of Contaminant Hydrology, 20(3-4),
227-239.
Schepers, J. S., Blackmer, T., Wilhelm, W., and Resende, M. (1996). Transmittance and
reflectance measurements of cornleaves from plants with different nitrogen and water
supply. Journal of plant physiology, 148(5), 523-529.
Schippers, P. A. (1968). The influence of rates of nitrogen and potassium application on the yield
and specific gravity of four potato varieties. European Potato Journal, 11(1), 23-33.
Schippers, P. A. (1976). The relationship between specific gravity and percentage dry matter in
potato tubers. American Potato Journal, 53(4), 111-122.
Schröder, J., Neeteson, J., Oenema, O., and Struik, P. (2000). Does the crop or the soil indicate
how to save nitrogen in maize production?: Reviewing the state of the art. Field Crops
Research, 66(2), 151-164.
Schulte, E. E., Walsh, L. M., Kelling, K. A., Bundy, L. G., Bland, W. L., Wolkowski, R. P., . . .
Sturgul, S. J. (2005). Management of Wisconsin Soils, 198. Retrieved from
cecommerrce.uwex.edu website: https://learningstore.uwex.edu/Assets/pdfs/A3588.pdf
Scott, G. J., Rosegrant, M. W., and Ringler, C. (2000). Roots and tubers for the 21st century:
Trends, projections, and policy options (Vol. 31): Intl Food Policy Res Inst.
Sebastian, K., Mistele, B., Baresel, P., and Schmidhalter, U. (2014). High-throughput phenotyping
early plant vigour of winter wheat. European journal of agronomy, 52, 271-278.
Semenov, M. A., Jamieson, P. D., and Martre, P. (2007). Deconvoluting nitrogen use efficiency in
wheat: a simulation study. European journal of agronomy, 26(3), 283-294.

168

Shadrack, N. (2018). Growing the Potato Crop: The Unmistakable Easy Task. International Potato
Center [CIP]. Internet doc.
Shanahan, J. F., Holland, K. H., Schepers, J. S., Francis, D. D., Schlemmer, M. R., and Caldwell,
R. (2003). Use of a Crop Canopy Reflectance Sensor to Assess Corn Leaf Chlorophyll
Content 1. Digital imaging and spectral techniques: Applications to precision agriculture
and crop physiology(digitalimaginga), 135-150.
Shanahan, J. F., Schepers, J. S., Francis, D. D., Varvel, G. E., Wilhelm, W. W., Tringe, J. M., . . .
Major, D. J. (2001). Use of remote-sensing imagery to estimate corn grain yield. Agronomy
Journal, 93(3), 583-589.
Sharma, L., and Bali, S. (2017). A review of methods to improve nitrogen use efficiency in
agriculture. Sustainability, 10(1), 51.
Sharma, L., Bali, S., Dwyer, J., Plant, A., and Bhowmik, A. (2017). A case study of improving
yield prediction and sulfur deficiency detection using optical sensors and relationship of
historical potato yield with weather data in maine. Sensors, 17(5), 1095.
Sharma, L., Zaeen, A., Bali, S., and Dwyer, J. (2017). Improving Nitrogen and Phosphorus
Efficiency for Optimal Plant Growth and Yield. In New Visions in Plant Science:
IntechOpen.
Sharma, L. K. (2014). Evaluation of active optical ground-based sensors to detect early Nitrogen
deficiencies in corn. North Dakota State University,
Sharma, L. K., Bu, H., Denton, A., and Franzen, D. (2015). Active-optical sensors using red NDVI
compared to red edge NDVI for prediction of corn grain yield in North Dakota, USA.
Sensors, 15(11), 27832-27853.
Sharma, L. K., Bu, H., and Franzen, D. W. (2016). Comparison of two ground-based active-optical
sensors for in-season estimation of corn (Zea mays, L.) yield. Journal of Plant Nutrition,
39(7), 957-966. doi:10.1080/01904167.2015.1109109
Sharma, U., and Arora, B. (1987). Effect of nitrogen, phosphorus and potassium application on
yield of potato tubers (Solatium tuberosum L.). The Journal of Agricultural Science,
108(2), 321-329.
Shaver, T., Khosla, R., and Westfall, D. (2010). Evaluation of two ground-based active crop
canopy sensors in maize: growth stage, row spacing, and sensor movement speed. Soil
science society of America journal, 74(6), 2101-2108.
Sikka, L. (1982). Fertilizer and manure requirements of the potato. In: Potato Seed Production for
Tropical Africa. (S. Nganga and F. Shideler, Eds.). CIP. Lima, Peru.
Silver, B. (2013). Potatoes. Journal of Agricultural & Food Information, 14(2), 91-97.
doi:10.1080/10496505.2013.774649
169

Slaton, M. R., Raymond Hunt Jr, E., and Smith, W. K. (2001). Estimating near‐infrared leaf
reflectance from leaf structural characteristics. American Journal of Botany, 88(2), 278284.
Smil, V. (1999). Nitrogen in crop production: An account of global flows. Global biogeochemical
cycles, 13(2), 647-662.
Solari, F., Shanahan, J., Ferguson, R., Schepers, J., and Gitelson, A. (2008). Active sensor
reflectance measurements of corn nitrogen status and yield potential. Agronomy Journal,
100(3), 571-579.
Spillman, W. (1923). Application of the law of diminishing returns to some fertilizer and feed data.
Journal of farm economics, 5(1), 36-52.
SPSS-IBM-Corp. (2017). IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM
Corp. Released 2017. (Version 25.0). Armonk, NY.
Stamatiadis, S., Taskos, D., Tsadila, E., Christofides, C., Tsadilas, C., and Schepers, J. S. (2010).
Comparison of passive and active canopy sensors for the estimation of vine biomass
production. Precision agriculture, 11(3), 306-315.
Stone, M., Solie, J., Raun, W., Whitney, R., Taylor, S., and Ringer, J. (1996). Use of spectral
radiance for correcting in-season fertilizer nitrogen deficiencies in winter wheat.
Transactions of the ASAE, 39(5), 1623-1631.
Storey, R. M. J., and Davies, H. V. (1992). Tuber quality. In The potato crop (pp. 507-569):
Springer.
Studdert, G. A., Echeverría, H. E., and Casanovas, E. M. (1997). Crop‐pasture rotation for
sustaining the quality and productivity of a typic Argiudoll. Soil science society of America
journal, 61(5), 1466-1472.
Swain, E. Y., Rempelos, L., Orr, C. H., Hall, G., Chapman, R., Almadni, M., . . . Cooper, J. M.
(2014). Optimizing nitrogen use efficiency in wheat and potatoes: interactions between
genotypes and agronomic practices. Euphytica, 199(1-2), 119-136.
Sylvester-Bradley, R., Berry, P., Blake, J., Kindred, D., Spink, J., Bingham, I., . . . Dodgson, G.
(2008). The wheat growth guide. HGCA: London.
Taskos, D., Koundouras, S., Stamatiadis, S., Zioziou, E., Nikolaou, N., Karakioulakis, K., and
Theodorou, N. (2015). Using active canopy sensors and chlorophyll meters to estimate
grapevine nitrogen status and productivity. Precision agriculture, 16(1), 77-98.
Taylor, J. (1997). Mapping yield potential with remote sensing. Paper presented at the Procs. of
the First European Conference on Precision Agriculture, London, 1997.

170

Teal, R., Tubana, B., Girma, K., Freeman, K., Arnall, D., Walsh, O., and Raun, W. (2006). Inseason prediction of corn grain yield potential using normalized difference vegetation
index. Agronomy Journal, 98(6), 1488-1494.
Teboh, J. M., Tubaña, B. S., Udeigwe, T. K., Emendack, Y. Y., and Lofton, J. (2012). Applicability
of ground-based remote sensors for crop N management in Sub Saharan Africa. Journal of
Agricultural Science, 4(3), 175.
Teich, A. H., and Menzies, J. A. (1964). The effect of nitrogen, phosphorus and potassium on the
specific gravity, ascorbic acid content and chipping quality of potato tubers. American
Potato Journal, 41(6), 169-173.
Teklu, E., and Hailemariam, T. (2009). Agronomic and economic efficiency of manure and urea
fertilizers use on vertisols in Ethiopian highlands. Agricultural Sciences in China, 8(3),
352-360.
Thind, H., Kumar, A., and Vashistha, M. (2011). Calibrating the leaf colour chart for need based
fertilizer nitrogen management in different maize (Zea mays L.) genotypes. Field Crops
Research, 120(2), 276-282.
Tilman, D., Cassman, K. G., Matson, P. A., Naylor, R., and Polasky, S. (2002). Agricultural
sustainability and intensive production practices. Nature, 418(6898), 671.
Tilman, D., Fargione, J., Wolff, B., D'antonio, C., Dobson, A., Howarth, R., . . . Swackhamer, D.
(2001). Forecasting agriculturally driven global environmental change. science, 292(5515),
281-284.
Tisdale, S. L., and Nelson, W. L. (1975). Soil Fertility and Fertilizer. pp. 68–70. Macmillan
publishing Co., Inc. New York.
Tisdale, S. L., Nelson, W. L., and Beaton, J. D. (1985). Soil fertility and fertilizers: Collier
Macmillan Publishers.
Tony, K. (2010). Potatoes: Measurement of Specific Gravity. Neville Fernando and Tony Slater
(Eds.).
Trehan, S. P. (1999). Micronutrient Requirements Of Potato: Central Potato Research Institute:
Shimla.
Tremblay, N. (2004a). Determining nitrogen requirements from crops characteristics. Benefits and
challenges. Recent Res. Dev. Agron. Hortic., 1, 157-182.
Tremblay, N. (2004b). Determining nitrogen requirements from crops characteristics. Benefits and
challenges. Recent research developments in agronomy and horticulture, 157-182.
Tremblay, N., Wang, Z., and Bélec, C. (2007). Evaluation of the Dualex for the assessment of corn
nitrogen status. Journal of Plant Nutrition, 30(9), 1355-1369.

171

Tucker, C. J. (1979). Red and photographic infrared linear combinations for monitoring vegetation.
Remote sensing of Environment, 8(2), 127-150.
Tuku, B. T. (1994). The utilization of true potato seed (TPS) as an alternative method of potato
production: Tuku.
Tyler, K., Broadbent, F., and Bishop, J. (1983). Efficiency of nitrogen uptake by potatoes.
American Potato Journal, 60(4), 261-269.
United States Climate Data. (2018). Climate data for Maine, ME, Temperature-PrecipitationSunshine-Snowfall. version 2.3. Retrieved from http://www.usclimatedata.com/
USDA. (1997). United States Department of Agriculture. United States Standards for Grades of
Potatoes for Processing., 7-8.
USDA. (2018). United States Department of Agriculture. National Agricultural Statistics Service,
USDA-NASS, 1400 Independence Ave., SW, Washington, DC 20250. Retrieved from
https://www.nass.usda.gov/
USDA. (2019). United States Department of Agriculture. STATE AGRICULTURE OVERVIEW,
MAINE.
Retrieved
from:
https://www.nass.usda.gov/Quick_Stats/Ag_Overview/stateOverview.php?state=maine
USDA. (2020). United States Department of Agriculture. American Farmland Trust. Maine Data
and
Statistics,
Census
of
Agriculture,.
Retrieved
from
https://farmlandinfo.org/statistics/maine-statistics/#Census%20of%20Agriculture
USDA. (2019). United States Department of Agriculture. National Agricultural Statistics Service.
Potatoes
2018
Summary.
Retrieved
from:
https://www.nass.usda.gov/Education_and_Outreach/Meeting/index.php
Van Bueren, E. L., Jones, S. S., Tamm, L., Murphy, K. M., Myers, J. R., Leifert, C., and Messmer,
M. (2011). The need to breed crop varieties suitable for organic farming, using wheat,
tomato and broccoli as examples: a review. NJAS-Wageningen Journal of Life Sciences,
58(3-4), 193-205.
Van Delden, A. (2001). Yield and growth components of potato and wheat under organic nitrogen
management. Agronomy Journal, 93(6), 1370-1385.
Van der Ploeg, R. R., and Kirkham, M. (1999). On the origin of the theory of mineral nutrition of
plants and the law of the minimum.
Van Keulen, H., and Stol, W. (1995). Agro-ecological zonation for potato production. In Potato
ecology and modelling of crops under conditions limiting growth (pp. 357-371): Springer.
Varvel, G. E., Schepers, J. S., and Francis, D. D. (1997). Ability for in-season correction of
nitrogen deficiency in corn using chlorophyll meters. Soil science society of America
journal, 61(4), 1233-1239.
172

Vitousek, P. M., Aber, J. D., Howarth, R. W., Likens, G. E., Matson, P. A., Schindler, D. W., . . .
Tilman, D. G. (1997). Human alteration of the global nitrogen cycle: sources and
consequences. Ecological applications, 7(3), 737-750.
Vos, J. (1995). Nitrogen and the growth of potato crops. In Potato ecology and modelling of crops
under conditions limiting growth (pp. 115-128): Springer.
Vos, J., and MacKerron, D. (2000). Basic concepts of the management of supply of nitrogen and
water in potato production.
Wang, H., and Xu, X. (2018). Cloud classification in wide-swath passive sensor images aided by
narrow-swath active sensor data. Remote Sensing, 10(6), 812.
Watson, D., and Brown, J. R. (1998). pH and Lime Requirement, p. 13-16. In: Recommended
Chemical Soil Test Procedures for the North Central Region. NCR Publication No. 221.
Missouri Agricultural Experiment Station, Columbia, MO, USA.
Wayumba, B. O., Choi, H. S., and Seok, L. Y. (2019). Selection and Evaluation of 21 Potato
(Solanum Tuberosum) Breeding Clones for Cold Chip Processing. Foods, 8(3), 98.
Weil, R., Lowell, K., and Shade, H. (1993). Effects of intensity of agronomic practices on a soil
ecosystem. American Journal of Alternative Agriculture, 8(1), 5-14.
West, T. O., and Post, W. M. (2002). Soil organic carbon sequestration rates by tillage and crop
rotation. Soil science society of America journal, 66(6), 1930-1946.
Westermann, and Kleinkopf, G. (1985). Nitrogen Requirements of Potatoes 1. Agronomy Journal,
77(4), 616-621.
Westermann, Kleinkopf, G., and Porter, L. (1988). Nitrogen fertilizer efficiencies on potatoes.
American Potato Journal, 65, 377-386.
Westermann, D. (1993). Fertility management. In In: RC Rowe (ed), Potato Health Management.
APS Press, St. Paul, MN (pp. 77-86).
Westermann, D. (2005). Nutritional requirements of potatoes. American Journal of Potato
Research, 82(4), 301-307.
Whitbread, A. M., Blair, G. J., and Lefroy, R. D. B. (2000). Managing legume leys, residues and
fertilisers to enhance the sustainability of wheat cropping systems in Australia: 2. Soil
physical fertility and carbon. Soil and Tillage Research, 54(1), 77-89.
doi:https://doi.org/10.1016/S0167-1987(99)00113-0
Wiegand, C., Richardson, A., Escobar, D., and Gerbermann, A. (1991). Vegetation indices in crop
assessments. Remote sensing of Environment, 35(2-3), 105-119.
Wilcox, G. E., and Hoff, J. (1970). Nitrogen fertilizatioin of potatoes for early summer harvest.
American Potato Journal, 47(3), 99-102.
173

Wilson, D., and Hargrove, W. (1986). Release of Nitrogen from Crimson Clover Residue under
Two Tillage Systems 1. Soil science society of America journal, 50(5), 1251-1254.
Xu, L., Pristinski, D., Zhuk, A., Stoddart, C., Ankner, J. F., and Sukhishvili, S. A. (2012). Linear
versus Exponential Growth of Weak Polyelectrolyte Multilayers: Correlation with
Polyelectrolyte Complexes. Macromolecules, 45(9), 3892-3901. doi:10.1021/ma300157p
Yao, Y., Miao, Y., Huang, S., Gao, L., Ma, X., Zhao, G., . . . Yu, K. (2012). Active canopy sensorbased precision N management strategy for rice. Agronomy for Sustainable Development,
32(4), 925-933.
Yildrim, Z., and Tokuşoğlu, Ö. (2005). Some analytical quality characteristics of potato (Solanum
tuberosum L.) Minitubers (cv. nif) developed via in-vitro cultivation. Electron. J. Environ.
Agric. Food Chem, 4(3), 916-925.
Zebarth, B., Leclerc, Y., and Moreau, G. (2004). Rate and timing of nitrogen fertilization of Russet
Burbank potato: Nitrogen use efficiency. Canadian journal of plant science, 84(3), 845854.
Zebarth, B., and Rosen, C. J. (2007). Research perspective on nitrogen BMP development for
potato. American Journal of Potato Research, 84(1), 3-18.
Zebarth, B., Tai, G., Tarn, R. d., De Jong, H., and Milburn, P. (2004). Nitrogen use efficiency
characteristics of commercial potato cultivars. Canadian journal of plant science, 84(2),
589-598.
Zelalem, A., Tekalign, T., and Nigussie, D. (2009). Response of potato (Solanum tuberosum L.)
to different rates of nitrogen and phosphorus fertilization on vertisols at Debre Berhan, in
the central highlands of Ethiopia. African Journal of Plant Science, 3(2), 016-024.
Zhang, Y., and Tremblay, N. (2010). Evaluation of the Multiplex Fluorescence Sensor for the
Assessment of Corn Nitrogen Status. Paper presented at the 10th International Conference
on Precision Agriculture (ICPA), Denver, CO, USA.
Zheng, G., and Moskal, L. M. (2009). Retrieving Leaf Area Index (LAI) Using Remote Sensing:
Theories, Methods and Sensors. Sensors (Basel, Switzerland), 9(4), 2719-2745.
doi:10.3390/s90402719
Zhu, Z., and Chen, D. (2002). Nitrogen fertilizer use in China–Contributions to food production,
impacts on the environment and best management strategies. Nutrient Cycling in
Agroecosystems, 63(2-3), 117-127.
Zvomuya, F., Rosen, C. J., Russelle, M. P., and Gupta, S. C. (2003). Nitrate leaching and nitrogen
recovery following application of polyolefin-coated urea to potato. Journal of
environmental quality, 32(2), 480-489.

174

APPENDIX TITLE
SPRINGER NATURE LICENSE TERMS AND CONDITIONS
Mar 01, 2020
This Agreement between Univ. of Maine ("You") and Springer Nature ("Springer Nature")
consists of your license details and the terms and conditions provided by Springer Nature and
Copyright Clearance Center.

License Number

4780550620413

License date

Mar 01, 2020 Licensed Content Publisher Springer

Nature
Licensed Content Publication

American Journal of Potato Research

Licensed Content Title

Research perspective on nitrogen bmp development for
potato

Licensed Content
Author

B. J. Zebarth et al Licensed Content Date

Type of Use

Thesis/Dissertation

Requestor type

academic/university or research institute

Format

print and electronic

Portion

figures/tables/illustrations

Number of figures/tables/illustrations
Will you be translating?

no

Circulation/distribution

1 - 29

1

Author of this Springer Nature
content

no

Title Growth and N Uptake Pattern
175

Jan 1, 2007

Institution name

UMaine Expected presentation date

Order reference number
Portions

May 2020

4777661192706

I want to use figure 1 in my dissertation

Requestor Location Univ. of Maine
53 DuPont dr Apt#E2
Presque Isle, ME 04769 United States
Attn: Univ. of Maine
Customer VAT ID

UM

Total 0.00 USD
Terms and Conditions
Springer Nature Customer Service Centre GmbH Terms and Conditions
This agreement sets out the terms and conditions of the licence (the Licence) between you
and Springer Nature Customer Service Centre GmbH (the Licensor). By clicking 'accept'
and completing the transaction for the material (Licensed Material), you also
confirm your acceptance of these terms and conditions.

1. Grant of License
1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, world-wide
licence to reproduce the Licensed Material for the purpose specified in your order
only. Licences are granted for the specific use requested in the order and for no other
use, subject to the conditions below.
1. 2. The Licensor warrants that it has, to the best of its knowledge, the rights to license reuse
of the Licensed Material. However, you should ensure that the material you are requesting
is original to the Licensor and does not carry the copyright of
another entity (as credited in the published version).

1. 3. If the credit line on any part of the material you have requested indicates that it
was reprinted or adapted with permission from another source, then you should also
seek permission from that source to reuse the material.
2. Scope of Licence
2. 1. You may only use the Licensed Content in the manner and to the extent permitted by
these Ts&Cs and any applicable laws.
2. 2. A separate licence may be required for any additional use of the Licensed Material, e.g.
where a licence has been purchased for print only use, separate
176

permission must be obtained for electronic re-use. Similarly, a licence is only valid in the
language selected and does not apply for editions in other languages unless
additional translation rights have been granted separately in the licence. Any content owned
by third parties are expressly excluded from the licence.
2. 3. Similarly, rights for additional components such as custom editions and derivatives
require additional permission and may be subject to an additional fee. Please apply to
Journalpermissions@springernature.com/bookpermissions@springernature.com for these
rights.
2. 4. Where permission has been granted free of charge for material in print, permission may
also be granted for any electronic version of that work, provided that the material is
incidental to your work as a whole and that the electronic version is
essentially equivalent to, or substitutes for, the print version.

2. 5. An alternative scope of licence may apply to signatories of the S TM Permissions
G uidelines, as amended from time to time.

2. Duration of Licence
3. 1. A licence for is valid from the date of purchase ('Licence Date') at the end of the
relevant period in the below table:

Scope of Licence

Duration of Licence

Post on a website

12 months

Presentations

12 months

Books and journals Lifetime of the edition in the language purchased

3. Acknowledgement
4. 1. The Licensor's permission must be acknowledged next to the Licenced Material in
print. In electronic form, this acknowledgement must be visible at the same time as the
figures/tables/illustrations or abstract, and must be hyperlinked to the journal/book's
homepage. Our required acknowledgement format is in the Appendix below.
5. Restrictions on use
5. 1. Use of the Licensed Material may be permitted for incidental promotional use and minor
editing privileges e.g. minor adaptations of single figures, changes of format,
177

colour and/or style where the adaptation is credited as set out in Appendix 1 below. Any
other changes including but not limited to, cropping, adapting, omitting material that
affect the meaning, intention or moral rights of the author are strictly prohibited.
5. 2. You must not use any Licensed Material as part of any design or trademark.

5. 3. Licensed Material may be used in Open Access Publications (OAP) before publication
by Springer Nature, but any Licensed Material must be removed from OAP sites prior
to final publication.
6. Ownership of Rights
6. 1. Licensed Material remains the property of either Licensor or the relevant third party
and any rights not explicitly granted herein are expressly reserved.
7. Warranty
in no event shall licensor be liable to you or any other party or any other person or for any special,
consequential, incidental or indirect damages, however caused, arising out of or in connection
with the downloading, viewing or use of the materials regardless of the form of action, whether
for breach of contract, breach of warranty, tort, negligence, infringement or otherwise (including,
without limitation, damages based on loss of profits, data, files, use, business opportunity or claims
of third parties), and whether or not the party has been advised of the possibility of such damages.
this limitation shall apply notwithstanding any failure of essential purpose of any limited remedy
provided herein.

8. Limitations
8. 1. B OOKS ONLY:Where 'reuse in a dissertation/thesis' has been selected the
following terms apply: Print rights of the final author's accepted manuscript (for clarity, NOT
the published version) for up to 100 copies, electronic rights for use only on a personal
website or institutional repository as defined by the Sherpa guideline
(www.sherpa.ac.uk/romeo/).
9. Termination and Cancellation
9. 1. Licences will expire after the period shown in Clause 3 (above).
9. 2. Licensee reserves the right to terminate the Licence in the event that payment is not
received in full or if there has been a breach of this agreement by you.
Appendix 1 — Acknowledgements:
For Journal Content: Reprinted by permission from [the Licensor]: [Journal Publisher
(e.g.

178

BIOGRAPHY OF THE AUTHOR
Ahmed A. Zaeen was born in Nineveh, Iraq, in 1983, but raised and lived in Baghdad. He
took an early interest in agriculture; he used to follow and help his father, retired from the ministry
of agriculture recently, in their little yard since he was a boy, that what encouraged him to like
agriculture. He graduated from Soil Sciences and Water Resources Dept. In 2005 with a BSc, his
rank was the 4th of 70 students. In 2008 graduated from the same department with a master's degree.
He is a candidate for the Doctor of Philosophy degree in Ecology and Environmental Sciences
from the University of Maine in May 2020.

179

